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System  Design  Considerations  for 
Unmanned  Tactical  Aircraft  (UTA) 

(AGARD  CP-594) 


Executive  Summary 


The  Unmanned  Tactical  Aircraft  (UTA)  concept  encompasses  a  broad  class  of  recoverable  vehicles 
designed  to  conduct  the  full  range  of  lethal  and  non-lethal  tactical  missions. 

Technologies  are  developing  rapidly  that  will  enable  unmanned  aircraft  to  undertake  autonomous  and 
semi-autonomous  missions  in  high  threat  environments.  Unmanned  aircraft  will  operate  in  conjunction 
with  and  sometimes  as  alternatives  to  manned  aircraft  missions.  The  perceived  advantages  of  utilising 
unmanned  air  vehicles  are: 

•  significant  reductions  in  through-life  costs 

•  reductions  in  losses  of  aircrew  on  highly  dangerous  missions 

The  main  purpose  of  this  symposium  was  to  provide  an  opportunity  for  the  NATO  community  to 
explore  and  discuss  the  technological  and  operational  issues  associated  with  the  deployment  of 
unmanned  tactical  aircraft. 

The  call  for  papers  produced  a  good  response,  indicating  the  importance  and  timeliness  of  this  subject 
within  the  research  communities.  The  symposium  was  structured  into  sessions  as  follows: 

•  Applications 

•  Operational  Concepts  (I  &  II) 

•  Advances  in  UTA  Techniques  &  Technologies  (I  &  II) 

The  papers  presented  generated  a  high  level  of  interest;  the  symposium  was  well  attended  throughout 
and  the  programme  committee  is  convinced  that  the  objectives  of  the  symposium  were  met.  Discussions 
as  the  symposium  proceeded  and  during  the  round  table  session  revealed  that  there  was  little  doubt  that 
there  were  no  technological  barriers  hindering  the  deployment  of  unmanned  air  vehicles  that 
maintained  some  degree  of  operator  supervision  or  control.  Fully  autonomous  vehicles  carrying  lethal 
payloads  were  believed  to  present  greater  challenges.  Further  work  is  needed  in  developing  operational 
concepts  and  addressing  policy  &  doctrinal  issues  is  judged  necessary  before  UTA  can  undertake  a 
more  significant  role  in  future  air  operations. 
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Les  Considerations  dans  les  projets  de  systemes  pour 
les  aeronefs  tactiques  et  non  pilotes 
(AGARD  CP-594) 


Synthese 

Le  concept  de  I’aeronef  tactiquc  sans  pilotc  (UTA)  couvrc  unc  grande  categoric  dc  vdhicules 
rdcuperables  con9us  pour  exccuter  renscmble  des  missions  tactiques  Ictalcs  et  non  Ictalcs. 

Des  technologies  actuellement  en  evolution  rapidc  permettront  aux  UAT  d’exccuter  des  missions 
autonomes  et  semi-autonomes  dans  un  environnement  de  forte  menace.  Les  UTA  scront  exploitcs 
parfois  avec  des  avions  pilotes  et  parfois  souls.  Les  avantages  escomptes  dc  I'emploi  des  vchiculcs 
aeriens  sans  pilote  sont  les  suivants  : 

•  diminution  sensible  des  couts  du  cycle  de  vie 

•  diminution  des  pertes  de  vies  humaincs  lors  dc  missions  particulicrement  dangcreuscs 

Ce  symposium  a  eu  pour  objcctif  principal  de  foumir  aux  pays  membres  dc  I'OTAN  I’occasion 
d’etudier  et  de  discuter  des  questions  technologiques  et  opcrationncllcs  associccs  au  dcploicmcnt  des 
UTA. 

L’appel  de  communications  a  trouve  un  echo  tres  favorable,  cc  qui  temoigne  dc  I’actualite  du  .sujet  et 
son  importance  pour  les  chcrchcurs  de  I’OTAN.  Le  symposium  a  etc  organise  en  trois  sessions  comme 
suit  : 

•  applications 

•  concepts  operationncls  (I  &  II) 

•  avancees  en  techniques  et  technologies  UTA  (I  &  II) 

Les  communications  presentees  ont  suscite  bcaucoup  d'intcrct;  I’assistancc  a  etc  nombreuse  tout  au 
long  de  la  conference,  et  le  comite  du  programme  est  convaincu  que  les  objcctifs  du  .symposium  ont  dtc 
atteints.  II  est  apparu  tr5s  clairement  lors  des  discussions  pendant  le  symposium  comme  pendant  la  table 
ronde  qu’il  n’existait  aucune  entrave  technologiquc  au  deploiemcnt  d'UTA,  a  condition  qu’il  existc  un 
certain  degre  de  supervision  ou  de  controlc  par  un  opcratcur.  Les  defis  poses  par  les  vchiculcs 
totalement  autonomes  embarquant  des  charges  utiles  Ictalcs  sont  plus  importants.  Des  travaux 
supplementaires  seront  nccessaires  pour  dcveloppcr  des  concepts  operationncls  et  abordcr  les  questions 
de  politique  et  de  doctrine  qui  se  posent.  De  tels  travaux  permettraient  aux  UTA  dc  joucr  un  role  plus 
important  dans  les  futures  operations  aeriennes. 


Iv 


Contents 


Executive  Summary 

Synthese 

Theme/Theme 

Panel  Officer  and  Programme  Committee 


Technical  Evaluation  Report 

by  T.D.  Taylor 

Keynote  Address 
by  L.M.  Nicolai 


SESSION  I:  APPLICATIONS 
Chairman:  Dr  E.  ZIMET  (US) 

Predator  Update  and  Bosnia  Operations 
by  L.L.  Ernst 

From  Manned  to  Unmanned:  a  Viable  Alternative  to  the  Scrapyard 

by  A.  Gatti 

The  Role  of  Unmanned  Tactical  Aircraft  in  the  Battlefield  Surveillance 

by  R.  Thevenot  and  A.  d’Audiffret 


Highly  Maneuverable  Lethal  Vehicle  (HMLV)  Concept 
by  G.M.  Palfalvy,  D.K.  Andes  and  D.  Siegel 

The  Operational  Effectiveness  of  UCAVs  in  Mobile  Target  Attack 
by  B.D.  Stewart 


SESSION  II:  OPERATIONAL  CONCEPTS  I 
Chairman:  Mr  B.  CAMPBELL  (US) 

Design  Considerations  for  Future  Uninhabited  Combat  Air  Vehicles 
by  AJ.  Chaput 

CONOPS  of  HALE  UTA  in  an  Infrared  Early  Warning  Mission  for  Theater  Missiles 
Defense 

by  H.  Gilibert  and  R.  Thevenot 


t  Paper  not  available  at  time  of  printing. 


System  Integrity  Considerations  for  Unmanned  Tactical  Aircraft 

by  D.  Scheithauer  and  G.  Wunderlich 

Joint  Semi-Autonomous  Air  Weapon  System 

by  R.W.  Schwartz,  S.B.  Millett,  F.T.  Rogers  and  B.  Hednian 

Unconstrained  Maneuver  Air  Vehicle,  A  Configuration  Development 
by  B.W.  Shenk 

Sensor  Alternatives  for  Future  Unmanned  Tactical  Aircraft 

by  E.L.  Fleeman 


SESSION  III:  OPERATIONAL  CONCEPTS  II 
Chairman:  Mr  B.  MAZZETTI  (IT) 

System  Layout  of  an  Unmanned  High  Altitude  Aircraft  for  Certification  and  Flight  in  Civil 
Airspace 

by  1.  Papachristofilou,  P.  Kanipf  and  O.  Wagner 

Drone  hypersonique  pour  des  missions  de  reconnaissance  en  profondeur 
by  L.  Serre 

Operational  Concepts  for  Uninhabited  Tactical  Aircraft 

by  D.A.  Deets  and  D.  Purifoy 

The  Challenge  of  UAV  Supporting  Offensive  Air  Operations 
by  R.A.  Frampton 

Autopilot  Synthesis  for  Unmanned  Tactical  Air  Vehicles  (UTAV) 
by  P.  Faggion  and  L.  Zolla 

Mission  Re-Planning  for  Standoff  Weapons 

by  M.  Henne  and  J.H.  Baker 


SESSION  IV:  ADVANCES  IN  UTA  TECHNIQUES  AND 
TECHNOLOGIES  (NAV,  C’l,  G&C) 

Chairman:  Mr  J.-B.  SENNEVILLE  (FR) 

Autonomous  Navigation  and  Control  Functions  of  the  CL-327  VTOL  UAV 

by  M.  Pelletier,  A.  Sakamoto,  C.  Tessier  and  G.  Saintongc 

Reliable  Autonomous  Precise  Integrated  Navigation  RAPIN  for  Present  and  Future 
Air-Vehicles 

by  T.  Kohler,  F.  Tumbragel  and  J.  Beyer 

Landmark  Navigation  and  Autonomous  Landing  Approach  with  Obstacle  Detection  for 
Aircraft 

by  S.  Fiirst,  S.  Werner,  D,  Dickmanns  and  E.-D.  Dickmanns 

Integrated  Data  Link  for  UTA  Applications:  Design  Considerations  and  Development 
Results 

by  L.  Bianchi,  G.  Battaini,  G.L.  Scazzola  and  E.  Crovari 


Investigation  of  Human  Performance  Monitoring  an  IR-Camera  View  from  an  Unmanned  22 
Tactical  Aircraft 

by  K.-P.  Gartner  and  W.  Kruger 


SESSION  V:  ADVANCES  IN  UTA  TECHNIQUES  AND  TECHNOLOGIES 
(SENSORS,  PROCESSING  DATA  FUSION) 

Chairman:  Dr.-Ing.  L.  CRO VELLA  (IT) 


CRESUS  Charge  radar  embarquee  sur  U.A.V.  de  surveillance  23 

(Radar  Payload  for  Surveillance  U.A.V.s) 
by  F.  Perret,  J.-M.  Hermer,  T.  Gach  and  E.  Sicsik-Pare 

Layered  Fault  Tolerant  Architecture  to  Support  Context-Sensitive  Reasoning  for  Lethal  24 

Unmanned  Aerial  Vehicle  Application 
by  J.  Rau 

Image  Data  Management  for  Tactical  Unmanned  Airborne  Surveillance  25 

by  M.R.  Davenport,  H.  Wehn  and  I.  Burke 

Unmanned  Tactical  Air  Vehicles  -  An  Electronic  Combat  Perspective  26 

by  SJ.  Langham  and  P.M.  Zanker 

Small  Effective  Air-to-Surface  Munitions  for  Unmanned  Tactical  Aircraft  Applications  27 

by  D.R.  Brubaker 


Paper  28  withdrawn 


Theme 


The  Unmanned  Tactical  Aircraft  (UTA)  concept  encompasses  a  broad  class  of  recoverable  vehicles  designed  to 
conduct  the  full  range  of  non-lethal  (surveillance,  targeting  and  reconnaissance)  and  lethal  (strike,  air-defence  and 
air-to-air  combat)  tactical  missions.  The  purpose  of  this  symposium  is  to  address  the  military  applications  of 
UTA;  the  advances  in  UTA  techniques  and  technologies;  and  UTA  operational  concepts. 

Interest  in  unmanned  vehicles  is  increasing  rapidly  as  a  result  of  recent  advances  in  guidance  and  control  as  well 
as  other  enabling  technologies  that  now  provide  the  basis  for  a  wide  range  of  autonomous  or  semi-autonomous 
systems  with  the  potential  for  operation  in  high  threat  environments. 

Important  operational  and  technology  issues  include  command  and  control  (e.g.  multi-ship  flight  management), 
communications,  sensors,  data  processing  hardware  and  software  and  artificial  intelligence  and  internetting  UTA 
with  manned  air  vehicle  operations. 

The  use  of  UTA  in  the  next  century  could  involve  the  utilisation  during  peacetime  of  civil  air  routes  subject  to 
civil  aviation  authorities  and  ATC  regulations  and  drives  the  need  for  redefinition  of  navigation  and  guidance 
rules  to  address  air-space  sharing  with  manned  platforms. 

The  symposium  will  examine  the  types  of  lethal  and  non-lethal  applications  and  review  issues  that  have  been 
raised  in  current  systems.  Military  usage  and  operational  considerations  will  be  discussed.  Advances  in  enabling 
technologies  will  be  covered  and  cost-effectiveness  issues  explored. 

SESSIONS 

I  UTA  Applications 

II  Operational  Concepts  I 

III  Operational  Concepts  II 

IV  Advances  in  UTA  Techniques  and  Technologies 

•  Navigation,  guidance  &  control 

•  Communications  &  C’l 

V  Advances  in  UTA  Techniques  and  Technologies 

•  On-board  and  off-board  sensors 

•  Sensor  data  fusion  &  signal  processing 

•  Flight  avionics 

VI  Round  Table 
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Le  concept  de  I’avion  tactique  non-pilote  (UTA)  couvre  un  large  categorie  de  vehicules  recuperables  conjus  pour 
I’execution  de  la  gamme  complete  des  missions  tactiques  letales  (frappe,  defense  aerienne  et  combat  air-air)  et 
non-letales  (surveillance,  designation  d’objectifs  et  reconnaissance).  Ce  symposium  a  pour  objectif  d’examiner 
les  applications  militaires  des  UTA;  les  avanc^es  dans  les  techniques  et  technologies  UTA;  ainsi  que  les  concepts 
operationnels  des  UTA. 

Les  vehicules  non-pilotes  suscitent  de  plus  en  plus  d’interet  en  raison  des  percees  recentes  realisees  dans  le 
domaine  du  guidage  et  pilotage,  ainsi  que  pour  d’autres  technologies  permettant  de  foumir  desormais  la  base 
d’un  grand  eventail  de  systemes  autonomes  ou  semi-autonomes  capables  d’evoluer  en  environnement  a  haut 
risque. 

Parmi  les  questions  operationnelles  et  technologiques  importantes  figurent,  le  commandement  et  controle,  (par 
exemple  la  gestion  du  pilotage  multi-vehicule)  les  teleconamunications,  les  senseurs,  le  materiel  et  le  logiciel 
informatique,  I’intelligence  artificielle  et  I’insertion  des  UTA  dans  les  operations  pilotees. 

La  mise  en  oeuvre  des  UTA  au  siecle  prochain  pourrait  conduire  a  1’ utilisation,  en  temps  de  paix,  de  voies 
aeriennes  civiles  regies  par  les  autorites  de  Taviation  civile  et  assujetties  aux  reglements  du  controle  de  la 
circulation  aerienne.  Cette  mise  en  oeuvre  necessite  la  redefinition  des  regies  de  navigation  et  de  guidage  afin  de 
permettre  d’aborder  le  probleme  du  partage  de  Tespace  aerien  avec  les  plates-formes  pilotees. 

Ce  symposium  examinera  les  differents  types  d’applications  letales  et  non-letales  et  etudiera  les  questions  qui  ont 
ete  soulev6es  concemant  les  systemes  actuels.  Les  utilisations  militaires  et  les  considerations  operationnelles 
seront  discutes.  Les  avancees  en  technologies  permettant  le  concept  et  les  aspects  cout-efficacite  seront  examines. 

SESSIONS 

I  les  applications  des  UTA 

II  les  concepts  operationnels  I 

III  les  concepts  operationnels  II 

IV  les  avancees  en  techniques  et  technologies  UTA 

•  navigation,  guidage  et  pilotage 

•  telecommunications  et  C^I 

V  les  avancees  en  techniques  et  technologies  UTA 

•  les  senseurs  embarques  et  non-embarques 

•  la  fusion  des  donnees  senseurs  et  le  traitement  du  signal 

•  I’avionique  de  pilotage 
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Technical  Evaluation  Report 

Thomas  D.  Taylor 
Office  of  Naval  Research 
800  N  Quincy  St 
Arlington,  Virginia  22217,  USA 


INTRODUCTION 
The  8**’  symposium  of  the  mission 
systems  panel  was  held  to  discuss  the 
status  of  unmanned  tactical  air  vehicles, 
which  could  deliver  weapons.  The 
meeting  was  composed  of  a  keynote 
address  and  sessions  on  Applications, 
Operational  Concepts,  and  Advances  in 
UTA  Techniques  and  Technologies. 

The  meeting  provided  a  very  good 
summary  of  the  status  of  UTAs  from  an 
operational,  systems,  and  technology 
point  of  view.  The  meeting  revealed 
issues  that  have  not  been  worked  out  and 
may  well  have  cost  implications  for  the 
UTA.  These  include  air  traffic  control, 
survivability,  reliability,  integration  with 
maimed  air  operations,  weapons 
delivery,  weather,  and  collision 
avoidance.  Many  favorable 
characteristics  make  the  UTA  a 
promising  field  to  pursue.  These  include 
low  life  cycle  costs,  low  training  costs, 
performance  exceeding  the  limits  of  man 
in  endurance  and  acceleration,  reduced 
risk  to  life,  and  higher  tempo  of 
operations. 

KEYNOTE  ADDRESS 
The  keynote  address  given  by  Dr.  L. 
Nicolai  of  Lockheed  Martin  Skunkworks 
was  a  valuable  analysis  of  the 
anticipated  life  cycle  costs  of  a  UTA. 

The  conclusion  that  the  life  cycle  costs 
of  a  UTA  can  be  as  much  as  50%  less 
than  a  manned  aircraft  was  a  strong 


message  to  the  audience  and  clearly,  if 
true,  will  dominate  the  rational  for 
development  of  the  UTA  concepts.  The 
author  advocated  beginning  with  a  clean 
sheet  of  paper  in  the  systems  design  to 
attain  these  costs.  The  important  feature 
that  performance  and  design  of  a  UTA 
did  not  have  to  be  constrained  by  human 
limits  in  endurance,  acceleration, 
vibration  and  temperature  was  also 
addressed.  In  addition  it  was  pointed  out 
that  another  attractive  feature  of  the 
UTA  was  that  an  operator  can  be  in  the 
loop  with  little  or  no  risk.  The 
presentation  was  very  positive  regarding 
the  value  of  the  UTA.  Some  of  the  other 
papers  were  a  bit  more  conservative  in 
their  enthusiasm. 

SESSION  1  APPLICATIONS 
This  session  contained  5  papers  on 
various  diverse  subjects.  The  first  paper 
presented  by  L.  Ernst  described  the 
Predator  UAV  and  its  activity  in 
Bosnia.The  operational  issues  of  an 
unmaimed  air  vehicle  were  outlined.  The 
air  traffic  control  solution  was  a  two- 
way  radio  for  the  operator  who  had  to  be 
a  licensed  pilot,  a  transponder,  and  a 
GPS  position  locator.  To  conduct  the 
operations  it  was  necessary  to  develop  a 
de-icing  system  for  the  vehicle.  The 
speaker  pointed  out  that  the  predator  was 
very  survivable  in  operations  because  it 
flew  too  slow  for  weapon  radar  to  detect 


and  flew  high  enough  to  avoid  small 
arms  fire. 

A.  Gatti  made  the  second  presentation 
of  the  session.  The  theme  was  to  make 
use  of  sunk  costs  in  aircraft  and  convert 
manned  aircraft  that  were  nearing  the 
end  of  their  usefulness  to  unmanned 
systems  by  adding  the  necessary  sensors 
and  guidance  packages.  This  would 
allow  test  beds  to  examine  the 
operational  concepts  and  technology  for 
future  UTA  applications. 

The  third  paper  was  by  R.  Thevenot 
and  A.  d”Audiffret  and  addressed  the 
topic  of  UTA  surveillance  of  the 
battlefield.  The  paper  focused  on  the 
value  of  the  UTA  for  tactical  ballistic 
missile  defense  and  many  of  the 
associated  operational  problems.  The 
paper  was  rather  general  in  the 
discussion  and  mentioned  many 
considerations  that  must  be  addressed 
for  such  a  system,  but  did  not  attempt  to 
specify  the  system. 

The  fourth  paper  was  by  G.  Palfalvy, 
D.  Andes,  and  D.  Siegel  and  addressed 
highly  maneuverable  lethal  vehicles. 

This  paper  lists  many  of  the  virtues  of 
the  UTA  that  have  already  been  covered, 
however,  there  are  two  important  areas 
that  were  emphasized.  These  are  the 
reduced  training  since  a  pilot  does  not 
have  to  fly  to  train  and  the  significant 
fact  that  the  UTA  weapons  can  be 
expected  to  be  reduced  in  size  due  to  the 
improved  accuracy. 

The  fifth  paper  by  B.  Stewart 
addressed  the  operational  effectiveness 
of  UCAVs  in  mobile  target  attack.  The 
paper  is  a  general  discussion  of  the  UTA 
concept  and  brings  forth  the  point  that 
the  vehicle  should  be  considered  a 
system  of  systems  developed  using  a 
cost  effectiveness  analysis  with  different 
operational  scenarios.  The  paper  has  no 
details. 


OPERATIONAL  CONCEPTS  I 

The  first  paper  of  this  session 
examined  design  considerations  for 
future  UTAs.  This  paper  was  also  a 
general  overview  of  the  UTA  arena.  The 
paper  suggests  that  the  driver  for  UTA 
development  will  be  the  significant 
decrease  in  military  aircraft  that  will 
occur  around  the  year  20 10. The  paper 
lists  most  of  the  advantages  and 
concerns  of  UTAs  that  have  already 
been  discussed.  Evaluation  of  the  UTA 
concepts  is  proposed  by  using  flying 
F-16  test  beds  and  computer  simulations 
to  examine  concepts  of  operation  for 
both  recon  and  strike  type  UTAs. 

The  second  paper  of  this  session  was 
by  H.  Gilibert  and  R.  Thevenor  and 
focused  on  the  HALE  UTA  with  infrared 
sensors  for  theater  missile  defense.  The 
paper  outlines  the  parameters  of  a 
system  to  detect  TBMs  and  points  out 
that  the  HALE  UAV  with  an  IR  sensor 
would  meet  the  systems  need  very  well. 
The  paper  indicates  that  the  system  is 
ideal  because  it  flies  above  radar  and 
missile  intercept  ranges  and  its  sensors 
are  passive.  Also  it  flies  above 
controlled  air  space  so  there  is  not  an 
ATC  problem.  In  summary  the  HALE 
system  looks  very  interesting  for  the 
TBM  role. 

The  next  paper  by  D.  Scheithauer  and 
G.  Wunderlich  considers  the  systems 
integrity  of  UTAs.  This  paper  is  a 
qualitative  overview  of  the  subject.  The 
paper  discusses  UTA  missions  and 
compares  the  UTA  with  the  cruise 
missile  and  manned  aircraft  for  these 
missions.  Threats  are  also  discussed 
along  with  UTA  functional 
characteristics  and  system  architecture. 

The  next  paper  of  the  session  by  R. 
Swartz,  S.  Millett,  F.  Rogers,  and  B. 
Hedman  considered  a  joint  semi- 


autonomous  air  weapon  system.  In  this 
paper  there  is  a  lot  of  discussion  of  the 
utility  of  their  weapons  system  on 
UTAs. 

The  next  paper  by  B.  Shenk  was  very 
interesting.  The  paper  discussed  UTA 
design  from  an  unconstrained 
maneuvering  view.  The  paper  points  out 
that  it  is  possible  to  design  vehicles  to 
exceed  manned  limits,  but  the  greater  the 
performance  the  more  the  cost  and  in 
some  cases  the  technology 
understanding  for  conducting  the  design 
may  need  to  be  developed  along 
nontraditional  lines  of  thought.  The 
paper  also  explains  that  if  one  drives  the 
performance  too  high  then  the  limits  of 
flight  control  systems  will  be  exceeded. 
This  paper  was  one  of  the  most 
quantitative  of  the  presentations. 

E.  Fleeman  presented  a  paper  on 
sensor  alternatives  for  UTAs.  The  paper 
discussed  a  variety  of  sensors  including 
SAR,  IR  EO,  passive  mmWave,  lidar, 
and  a  number  of  typical  navigation 
sensors.  The  paper  is  informative  if  one 
is  not  familiar  with  this  technology.  A 
principal  message  from  the  paper  is  that 
weather  and  icing  can  seriously  impact 
the  use  of  most  IR  and  optical  sensors. 

OPERATIONAL  CONCEPTS  II 

The  first  paper  of  this  session  by  I. 
Papachristofilou,  P.  Kaempf,  and  0. 
Wagner  focused  on  certification  and 
flight  of  UTAs  in  civil  airspace.  This 
paper  provided  an  excellent  overview  of 
the  steps  needed  to  make  a  UTA 
acceptable  to  the  civil  air  traffic  control. 
They  point  out  that  a  high  reliability  or 
low  failure  rate  (~10-9/flt  hr)  is  required. 
In  addition  the  UTA  must  look  like  a 
manned  aircraft  to  the  ATC.  It  must  fly 
IFR  and  VFR,  have  a  collision 
avoidance  system,  be  able  to  auto 
takeoff  and  land,  and  have  a  ground 


station  at  the  operational  airport.  This 
paper  makes  it  clear  that  the  cost  will  be 
increased  by  the  need  to  satisfy  the 
compatibility  with  manned  aircraft 
operations. 

L.  Serre  presented  the  next  paper  on 
the  subject  of  a  hypersonic  UTA.  The 
idea  presented  was  to  employ  a  high 
speed  UTA  to  perform  rapid  recon  with 
IR  and  SAR  sensors.  Also  to  use  the 
vehicle  to  stimulate  enemy  radars 

A  paper  was  presented  by  D.  Deets  on 
the  subject  of  operational  concepts  for 
UTAs.  The  paper  basically  describes  a 
number  of  unmanned  flight  test 
programs  conducted  by  NASA.  The 
message  was  be  sure  and  involve  the 
operator  up  front  when  you  start  a  UTA 
program. 

A  paper  was  presented  by  R. 

Frampton  on  UTAs  supporting  offensive 
air  operations.  This  paper  provides  a 
general  discussion  of  the  missions  and 
roles  of  the  UTA  in  combat  operations. 
Many  of  the  ideas  are  common  to  papers 
already  discussed. 

P.  Faggion  and  L.  Zolla  presented  a 
paper  on  autopilots  for  UTAs.  This 
paper  addressed  the  details  of 
developing  an  autopilot  for  a  UTA.  The 
paper  offers  many  details  that  a 
specialist  will  be  interested  in. 

M.  Henne  and  J.  Baker  presented  the 
last  paper  of  this  session  on  the  subject 
of  mission  re-planning  for  standoff 
weapons.  This  paper  is  a  general  tutorial 
on  mission  planning  and  re-planning. 
There  is  only  a  passing  mention  of 
UTAs  in  the  paper. 

ADVANCES  IN  UTA  TECHNIQUES 
AND  TECHNOLOGIES  I 

The  last  day  of  the  meeting  focused  on 
advances  in  UTA  techniques  and 
technology.  The  first  paper  in  this  area 
was  authored  by  M.  Pelletier,  A. 
Sakamoto,  C.  Tessier,  and  G.  Saintonge 


and  addressed  the  CL-327  VTOL  UAV 
that  is  currently  under  development  in 
Canada.  The  vehicle  is  a  propeller  driven 
peanut  looking  shape,  which  is  an 
enlarged/improved  version  of  the  CL- 
227.  This  vehicle  appears  to  offer  real 
promise  as  surveillance  and  targeting 
system,  but  may  have  problems  with 
delivery  of  some  types  of  weapons  due 
to  the  geometry  of  the  vehicle.  The 
payload  of  the  vehicle  is  approximately 
200  pounds  so  it  could  deliver  some 
small  weapons. 

The  second  paper  of  this  session  was 
authored  by  T.  Kohler,  F.  Tumbragel, 
and  J.  Beyer  and  addressed  a  navigation 
system  called  RAPIN  for  future  air- 
vehicles.  The  paper  provides 
considerable  detail  and  test  results  on  the 
system  for  those  interested  in  this 
technology. 

The  next  paper  was  on  modeling  and 
simulation  and  demonstrated  how  it 
might  be  applied  to  control  and  guide  a 
UTA.  S.  Furst,  S.  Werner,  D. 

Dickmanns,  and  E.  Dieter  Dickmanns 
authored  the  paper.  The  paper  was 
interesting,  but  the  technology  described 
has  been  operational  in  military  systems 
for  some  time. 

The  paper  presented  by  L.  Bianchi,  G. 
Battaini,  G.  L.  Scazzola,  and  E.  Crovari 
examined  data  links  for  UTAs.  The 
paper  provides  a  detailed  discussion  of 
the  aspects  of  data  link  designs  and  also 
provides  results  obtained  with  a  J  band 
UAV  data  link. 

A  paper  was  presented  by  K-P. 
Gartner,  and  W.  Kruger  reporting  the 
human  performance  associated  with 
operation  of  a  fiber  optic  link  between  a 
ground  control  system  and  a  missile.  The 
paper  described  the  human  response  in 
target  detection,  classification  and 
identification.  Also  the  paper  discussed 
the  impact  of  the  control  system 


response  time  on  the  human 
performance.  The  paper  was  interesting 
since  it  relates  directly  to  the  technology 
used  in  both  French  and  US  missile 
systems. 

ADVANCES  IN  UTA  TECHNIQUES 
AND  TECHNOLOGIES  II 

The  first  paper  in  the  last  session  of 
the  meeting  was  on  the  topic  of  UTA 
surveillance  radar.  F.  Perret,  J.  M. 
Hermer,  T.  Gach,  and  E.  Sicsik-Pare 
presented  the  paper.  The  paper  described 
a  Ku  band  radar-CRESUS-,that  has  SAR 
and  MTI  capabilities,  which  can  be 
operated  from  a  helicopter.  The 
resolution  was  omitted  from  the  paper, 
but  it  is  believed  to  be  on  the  order  of 
one  meter.  The  system  appears  light  and 
small  and  looks  like  it  would  be  a  great 
value  to  operation  forces. 

J.  Rau  presented  a  paper  on  fault 
tolerant  computer  architecture.  The 
paper  is  a  very  detailed  discussion  of 
technology  of  fault  tolerant  systems  and 
how  they  may  relate  to  UTAs. 

M.  Davenport,  H.  When,  and  I.  Burke 
presented  a  paper  on  their  work  in 
management  of  imaging  data  for  tactical 
airborne  surveillance.  The  paper  points 
out  that  a  lot  can  be  done  with  computers 
to  aid  the  human  in  image  interpretation. 
The  main  point  was  to  use  the  computer 
for  what  it  can  do  best  such  as  tracking, 
help  with  target  recognition,  paste 
images  together,  and  detect  scene 
motion.  They  describe  the  areas  that 
increased  payoff  can  be  attained. 

The  paper  by  S.  Langham,  and  P. 
Zanker  discusses  UTAs  from  an 
electronic  combat  perspective.  The  paper 
examines  the  replacement  of  expensive 
HARM  type  missiles  with  UTAs  to 
reduce  costs.  It  covers  requirements  for 
SEAD  operations  in  terms  of  the 
airframe  and  sensors.  It  also  covers 


threats  and  self-protection.  In  addition 
the  topic  of  automated  responses  is 
discussed  along  with  rules  of 
engagement.  The  paper  is  a  thoughtful 
discussion  of  the  use  of  UTAs  for  strike. 

The  last  paper  of  the  meeting  was 
presented  by  D.  Brubaker  and  addressed 
small  air  to  ground  munitions  for  UTAs. 
The  paper  was  very  informative.  It 
pointed  out  that  the  trends  in  technology 
are  permitting  small,  lighter,  lower  cost 
weapons  to  be  built  which  would  be 
compatible  with  the  UTA  concept.  The 
LOG  ASS  weapon  and  the  small  smart 
bomb  developments  were  discussed.  The 
LOCASS  is  a  small  100  mile  range  air 
vehicle  with  a  jet  engine  and  a 
programmable  war  head  that  is  effective 
against  vehicles  and  costs  only  about 
$25,000  each.  The  small  smart  bomb  is  a 
250-pound  highly  accurate  precision- 
guided  munition  that  can  be  as  effective 
as  a  2000-pound  bomb  because  of  the 
small  CEP.  The  reduced  weight  and  size 
along  the  improved  effectiveness  have  a 
significant  impact  on  operations.  The 
result  will  be  fewer  sorties,  less 
collateral  damage,  less  exposure  to 
threats,  and  less  overall  operational 
costs.  The  main  point  to  be  gained  from 
this  paper  is  that  weapons  are  changing 
and  there  are  new  concepts  that  will 
work  well  with  the  UTA  concept. 

PANEL  SUMMARY 

The  meeting  was  closed  with  a  panel 
discussion  that  reviewed  most  of  the 
points  already  discussed.  The  main 
points  were  that  system  costs  were  still 
uncertain  and  many  operational  details 
remain  to  be  worked  out.  The  group 
however  expressed  positive  views  on  the 
future  of  UTAs. 
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The  Unmanned  Tactical  Aircraft  is  viewed  by  many  as  the  centerpiece  for  affordable  tactical 
air  warfare  in  the  year  2020  due  to  its  potential  for  a  revolutionary  reduction  in  LCC  and  the  fact 
that  it  embodies  most  of  the  Aerospace  2020  technology  initiatives.  Most  of  the  technology  for 
making  the  UTA  effective  as  a  weapon  system  is  here  today,  but  the  technology  for  realizing  its 
potential  cost  reduction  remains  to  be  developed. 

UTA  DEFINED 

The  definition  of  a  UTA  (or  Uninhabited  Combat  Air  Vehicle,  UCAV)  is  any  uninhabited 
vehicle  that  is  recoverable  and  reusable  with  autonomous  operation  and  man-in-the-loop  that 
performs  tactical  missions.  The  man-in-the-loop  feature  is  very  important  since  there  is  always  the 
possibility  of  an  unknown  or  unforeseen  event  (inflight  emergency,  target  not  where  or  what  it  is 
supposed  to  be,  hostages  chained  to  the  target,  etc).  The  distribution  of  autonomous  operation 
(preplanned  in  the  near  term  and  adaptive  in  the  far  term)  versus  man-in-the-loop  is  not  known  at 
present  since  the  extent  to  which  artificial  intelligence  or  preprogrammed  logic  can  accommodate 
unknown  or  unforeseen  events  has  not  been  established.  This  automation  technology  is  one  of  the 
enabling  technologies  that  must  receive  significant  attention  in  the  future.  The  man-in-the-loop  is 
a  fail-back  feature  that  permits  a  remote  operator  to  interrupt  the  autonomous  operation  and  assess 
the  situation,  make  a  decision  and  tell  the  UTA  what  to  do  next. 

In  the  case  of  a  UTA  with  weapons  onboard,  this  man-in-the-loop  feature  permits  the 
remote  operator  to  make  a  rational,  judgemental  and  moral  assessment  of  the  situation  before  the 
automatic  weapons  delivery.  Onboard  sensors  would  survey  the  target  area  and  the  target  imagery 
would  be  data  linked  to  the  remote  operator  for  target  verification.  This  man-in-the-loop  feature 
is  often  described  as  ’’removing  the  pilot’s  body  from  the  vehicle  but  leaving  his  head  onboard”. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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The  advantages  of  an  uninhabited  system  over  a  manned  system  are: 

1 .  Reduced  Life  Cycle  Cost 

a.  Lower  acquisition 

b.  Greatly  reduced  O&S 

2.  Human  crew  not  at  risk 

3.  Performance  not  tied  to  human  frailties 

4.  Reduced  political  sensitivity 

The  reduced  LCC  is  viewed  as  the  most  important  benefit  in  this  period  of  reduced  defense 
budgets  in  the  US.  NATO’s  extreme  interest  in  UTA  is  motivated  by  a  similar  trend  towards  massive 
reductions  in  the  member  countries’  defense  budgets.  This  benefit  comes  from  reductions  both  in 
acquisition  and  O&S. 

With  the  elimination  of  the  pilot  from  the  vehicle  and  the  relaxation  of  the  structural  design 
criteria,  the  UTA  can  be  made  lighter,  smaller  and  cheaper.  For  manned  aircraft  the  crew  station 
features  account  for  approximately  6  percent  of  the  empty  weight  and  2  percent  of  the  unit  cost. 
Eliminating  the  requirement  for  a  crew  station  gives  the  designer  more  freedom  in  configuring  and 
packaging  a  new  UTA  design.  Relaxing  the  structural  design  criteria  (lower  factor  of  safety  and 
reducing  durability  requirements  due  to  reduced  design  life)  can  reduce  the  structural  weight 
compared  to  a  manned  aircraft.  Taking  advantage  of  all  the  differences  between  the  UTA  and  a 
manned  aircraft,  results  in  a  ’’clean  shcet-of-paper”  UTA  that  has  an  empty  weight  reduction  of 
approximately  40%  and  a  unit  cost  reduction  of  about  50%  relative  to  an  equivalent  mission  manned 
aircraft. 

In  peacetime  the  UTA  operator  (or  manager)  trains  using  synthetic  environment  simulation. 
Since  the  UTA  does  not  have  to  be  flown  during  peacetime  to  maintain  operator  proficiency,  there 
is  a  large  reduction  in  peacetime  O&S  costs  by  not  having  the  maintenance  and  support  manpower 
costs.  The  problem  is  to  have  the  maintenance  and  support  personnel  available  during  wartime  but 
not  have  to  pay  for  them  in  peacetime. 

Since  a  human  pilot  is  not  onboard  the  UTA,  the  loss  of  human  life  is  not  a  concern.  This 
means  of  course  that  the  UTA  could  be  assigned  missions  deemed  too  risky  for  its  manned 
counterpart. 

The  UTA  can  be  designed  for  environmental  conditions  that  arc  unacceptable  for  a  human 
pilot.  Maneuver  g’s  greater  than  the  human  limit  of  nine  arc  a  design  option  as  well  as  flight  durations 
of  days  or  weeks.  Exposure  to  nuclear,  biological  and  chemical  environments  would  not  be  a  major 
concern  for  the  UTA.  However,  exposure  to  chemical  or  biological  agents  could  be  an  issue  if  the 
UTA  returns  to  base  in  a  contaminated  state.  It  would  need  to  be  decontaminated  prior  to  its  next 
mission  or  servicing  task. 

Since  the  crew  has  been  eliminated  from  the  vehicle,  the  political  sensitivity  of  the  UTA 
mission  is  reduced  since  there  is  no  crew  to  be  held  hostage  or  crew  remains  to  recover.  In  an  extreme 
case,  a  country  could  deny  ownership  of  a  ’’laundered”  UTA. 
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The  class  of  UTA  vehicles  extends  from  more  flexible  and  capable  versions  of  currently 
deployed  UAVs  to  future  full  spectrum  uninhabited  aircraft.  Missions  for  UTAs  in  order  of 
increasing  complexity  are  as  follows: 

1.  Intelligence,  surveillance  and  reconnaissance  (ISR) 

2.  Communications  relay 

3.  Electronic  warfare  (jamming) 

4.  Air  interdiction  (fixed  target  strike) 

5.  Suppression  of  enemy  air  defenses  (SEAD) 

6.  Theater  ballistic  missile  and  cruise  missile  defense 

7.  Air  defense 

8.  Battlefield  interdiction  (mobile  target  strike) 

9.  Close  air  support 

10.  Air-to-air  combat 

The  UTA  configurations  designed  to  perform  the  above  missions  can  range  from  very  small 
to  very  large  with  flight  speeds  from  low  speed  to  hypersonic.  The  elimination  of  the  human  from 
the  vehicle  opens  up  the  design  space  enormously,  giving  rise  to  potential  revolutionary 
configurations,  capabilities  and  concepts  of  operation. 

The  first  mission,  ISR,  is  being  demonstrated  in  several  operational  programs  (ie;  Predator, 
Phoenix,  Crecerelle  and  Mirach  26)  and  development  programs  (ie;  Darkstar  and  Global  Hawk). 
Here  the  UTAs  are  ’’alone  and  unafraid”,  and  doing  the  same  recce  missions  as  manned  aircraft. 
These  programs  should  fully  establish  the  effectiveness  of  UTAs  doing  the  ISR  mission,  however 
the  cost  advantage  will  need  to  wait  for  more  system  maturity  and  operational  experience.  The 
extended  mission  duration  of  Darkstar  and  Global  Hawk  should  provide  more  cost  effectiveness 
than  the  man-limited,  8  hour  U-2  flights.  The  ISR  UTAs  would  operate  in  both  peacetime  and 
wartime  situations  such  that  their  cost  savings  in  O&S  would  not  be  as  dramatic  as  for  a  combat  UTA. 

The  communications  relay  and  electronic  warfare  are  near  term  extensions  of  the  ISR 
mission  and  naturals  for  the  the  UTA  and  its  long  duration  capability.  The  electronic  warfare  UTA 
would  need  to  interface  and  integrate  with  manned  aircraft  in  the  support  jamming  for  strike 
elements. 

The  last  mission,  air-to-air  combat,  is  the  most  complex  and  least  understood  mission  for 
the  UTA.  At  issue  is  whether  the  air-to-air  UTA  is  really  a  ’’Robotic  Wingman”  or  merely  a 
recoverable  missile,  or  somewhere  in  between.  This  would  be  a  far  term  application  for  UTAs. 

The  air  interdiction  (fixed  target  strike)  and  SEAD  missions  appear  to  be  the  most  interesting 
tactical  demonstrations  for  the  near  term  UTA  as  they  involve  dropping  weapons  and  interfacing 
with  manned  strike  aircraft  in  the  conduct  of  very  dangerous  missions. 

An  excellent  reference  on  UTAs  is  the  recent  report  by  the  US  Air  Force  Scientific  Advisory 
Board  (SAB)  on  the  results  of  their  six  month  study  in  1996  on  UAV  Technologies  and  Combat 
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Operations  (SAB-TR-96-01,  November  1996).  The  SAB  report  recommends  the  first  five 
missions  listed  above  as  the  near  term  applications  for  UTAs. 


PROPER  VIEW  OF  UTA 

The  UTA  is  not  a  manned  aircraft  with  the  pilot  removed.  To  view  it  as  such  limits  the 
thinking  to  a  manned  aircraft  experience  in  terms  of  design  criteria,  subsystems  and  equipment, 
training  and  support,  operational  deployment  and  most  of  all  expectations.  This  thinking  gives  an 
evolutionary  weapon  system. 

The  UTA  should  be  viewed  as  a  revolutionary  way  of  doing  tactical  air  warfare.  It  should 
be  viewed  as  a  clean  sheet  design  which  never  had  a  man  onboard  ...  but  man  is  in  the  loop.  In 
addition  the  UTA  might  offer  some  revolutionary  new  tactical  missions,  other  than  those  discus.scd 
on  page  3. 

Throughout  the  design  of  this  new  way  of  doing  tactical  air  warfare  the  Lessons  Learned 
from  doing  manned  tactical  air  warfare  should  not  be  forgotten. 

STRIKE  UTA  -  A  NOTIONAL  CONCEPT  AND  PAYOFF 

A  Concept  of  Operations  for  a  strike  UTA  doing  a  SEAD  (Suppression  of  Enemy  Air 
Defenses)  and  fixed  target  strike  mission  is  shown  in  Figure  1.  Since  the  strike  UTA  is  a 
revolutionary  concept,  the  Concept  of  Operations  presented  in  this  section  is  very  preliminary  and 
is  offered  as  a  departure  point  for  further  discussion. 

The  UTA  is  a  complement  to  manned  aircraft,  not  a  replacement.  There  arc  many  reasons 
for  having  a  viable  manned  strike  aircraft  force.  One  point  of  view  is  that  during  peacetime  and  low 
tension  situations,  the  strike  UTA  would  probably  not  be  flown,  relying  on  the  manned  strike  aircraft 
to  project  airpower  and  control  situations.  During  wartime,  the  strike  UTA  would  be  deployed  and 
conduct  integrated  tactical  strike  with  the  manned  aircraft  fleet. 

Since  the  UTA  is  autonomous  (with  man-in-thc-loop  interrupt),  it  docs  not  need  to  fly 
during  peacetime  for  the  operator  to  stay  proficient.  Thus,  the  UTAs  are  not  flown  during  peacetime, 
but  rather  are  stored  in  a  humidity  controlled,  flyable  storage  facility.  Eliminating  peacetime  flying 
reduces  the  peacetime  O&S  costs  significantly.  To  ensure  readiness,  several  UTAs  would  probably 
be  taken  out  of  storage  and  flown  each  year  for  training  exercises,  but  the  total  24  unit  squadron 
flying  hours  would  be  less  than  100.  In  contrast,  a  24  unit  F-16  air-to-ground  squadron  would  fly 
about  8300  hours  each  year. 

Since  the  UTA  is  es.sentially  not  flown  during  peacetime,  the  number  of  active  duty  ground 
crew  (maintenance  and  support  personnel)  is  very  small.  During  peacetime,  the  ground  crew  would 
support  the  few  actual  flights,  maintain  the  UCAV s  in  flyable  storage  (assumed  to  consist  of  monthly 
external  inspections),  and  train  reserve  ground  support  crews.  This  UTA  concept  is  very  much 
different  than  the  concept  for  manned  aircraft.  Manned  aircraft  must  be  operated  regularly  in 
peacetime  in  order  to  maintain  aircrew  proficiency,  exercise  avionics  and  weapon  systems,  and  keep 
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MISSION  AREA:  SEAD  AND  FIXED  TARGET  STRIKE 


FEATURES: 


INDEPENDENT  OR  INTEGRATED  WITH  MANNED  STRIKE 
AUTONOMOUS  MISSION  WITH  MITL  FOR  AUTHORIZATIONS 

GREATLY  REDUCED  PEACETIME  O&S 

-  AIRCRAFT  IN  FLYABLE  STORAGE 

-  MINIMAL  FLYING  (ANNUAL  SQUADRON  FLYING) 

-  REMOTE  PILOT  PROFICIENCY  THRU  SIMULATION 

-  GROUND  SUPPORT  CREW  PROFICIENCY  THRU  TRAINING 
DEVICES  AND  FEW  ACTUAL  FLIGHTS 

SEPARATE  BASING  WITH  HIGHLY  AUTOMATED  GROUND  HANDLING 
(SMALL  MANPOWER  REQUIREMENT) 

AIRCRAFT  DESIGNED  FOR  500  HRS  STRUCTURAL  LIFE  AND 
MAINTENANCE  FREE  OPERATION 


Figure  1.  Notional  Concept  of  Operations  for  a  strike  UTA 
the  aircraft  in  flying  condition.  The  active  duty  UTA  ground  crews  are  estimated  to  consist  of  less 
than  20  people  per  squadron  in  peacetime.  In  contrast,  the  F-16  squadron  requires  over  240  ground 
crew  personnel  to  support  the  peacetime  flying  operations  of  24  aircraft.  When  the  UTA  is  deployed 
during  wartime,  the  ground  support  crew  would  be  augmented  by  reserve  crews. 

The  UTA  system  would  be  designed  so  that  it  can  be  deployed  during  wartime  needing  only 
a  fraction  of  the  ground  crew  personnel  required  for  a  manned  strike  aircraft  unit.  The  UTA  airframe 
and  equipment  are  designed  to  a  limited  life  ...  time  spent  in  actual  wartime.  A  manned  aircraft  is 
designed  to  something  like  7000  hours  (15  year  lifetime  with  30  hours  of  training  per  month  plus 
1000  hours  of  deployment  and  500  wartime  hours)  whereas  the  UTAis  designed  to  only  the  wartime 
hours.  Both  the  structural  design  life  and  the  equipment  life  of  the  UTA  is  designed  for  about  500 
hours.  The  equipment  would  have  a  design  goal  of  operating  maintenance  free  for  500  hours. 
Scheduled  maintenance  (replacement  of  brakes,  tires,  batteries  and  POL)  would  be  performed 
during  wartime,  but  no  unscheduled  maintenance.  This  500  hour  maintenance  free  operation  greatly 
reduces  the  number  of  ground  crew  personnel  needed  in  wartime  since  no  maintainers  are  needed. 

In  addition  the  UTA  ground  handling  would  be  highly  automated  so  that  the  active  duty 
ground  crew  plus  4  reserve  unit  ground  crews  can  support  the  wartime  operation  of  a  24  unit  strike 
UTA  squadron.  A  ground  handling  concept  would  consist  of  automated  ground  equipment  and 
activities.  The  UTA  would  taxi  around  the  airfield  under  its  own  power  following  a  ground  map  and 
plan  (using  differential  GPS)  under  the  control  of  a  ground  operator. 
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A  conceptual  design  was  conducted  of  a  near  term  strike  UTA  having  requirements  similar 
to  an  F-16C  in  order  to  quantify  the  projected  LCC  savings.  This  study  permitted  a  one-to-one  cost 
comparison  with  a  current  manned  strike  aircraft.  The  UTA  had  an  empty  weight  of  approximately 
7000  lb  and  a  unit  flyaway  cost  of  $7M  in  1 996  $  (the  resulting  ratio  of  empty  weight  to  unit  flyaway 
cost  is  $  1000/lb  and  is  about  ten  percent  less  than  that  for  a  manned  aircraft). 

A  24  UTA  squadron  manning  for  peacetime  is  shown  on  Figure  2  and  compared  with  a  24 
strike  F-16  squadron.  The  number  of  officers  (primarily  pilots  or  remote  operators)  is  about  the 
same  for  the  two  stike  squadrons,  but  the  number  of  enlisted  personnel  doing  maintenance  and 
support  is  very  much  less  for  the  UTA  squadron.  The  UTA  peacetime  O&S  cost  is  an  order  of 
magnitude  less  than  a  comparable  manned  squadron  for  this  near  term  example. 


F-16  Annual  O&S  (per  AFI  66-B03i 

Strike  UTA  Annual  O&S  (per  modified  AFI  65-503) 

Unit  personnel  (42  off./307  enl.) 

$14.3M 

Unit  personnel  (30  off./32  enl.) 

$3.25M 

Fuel  for  8300  flying  hours 

5.0M 

Fuel  for  100  flying  hours 

.06M 

Personnel  support 

9.2M 

Personnel  support 

1.31M 

Depot  maintenance 

6.1M 

Training  and  personnel  acq 

.63M 

Training  and  personnel  acq 

4.8M 

System  support  and  mods 

.60M 

Replenish  spares 

6.0M 

System  support  and  mods 

3.9M 

Munitions  and  missiles 

1.1M 

Total 

$50.4M 

Total 

$5.85M 

Figure  2.  Strike  UTA  Peacetime  Operation  and  Support  Cost  Compared  to  F-16  Unit  (1996  $M) 


The  projected  10  year  life  cycle  cost  for  a  UTA  squadron  is  shown  on  Figure  3  in  comparison 
with  a  strike  F-16  squadron.  The  squadron  amortized  RDT&E  and  acquisition  costs  arc  about  the 
same  for  the  two  squadrons.  The  UTA  acquisition  cost  includes  the  unit  cost  of  $7M  each  plus  6 
ground  stations  and  the  ground  support  equipment  (GSE)  for  the  automated  ground  handling.  The 
big  difference  is  in  the  O&S  cost  which  gives  a  greater  than  50%  reduction  in  10  year  LCC  for  the 
UTA.  It  is  expected  that  a  year  2020  UTA,  ’’pushed”  by  an  ambitious  technology  program,  would 
exceed  this  LCC  savings  significantly. 

The  technology  areas  critical  to  developing  a  strike  UTA  are: 

1.  Communication  and  control  architecture 

2.  Adaptive  autonomous  vehicle  control  systems 

3.  Man/Machine  Interface  -  extent  of  autonomous  operation  vs  man-in-the-loop 

4.  Near-real-time,  secure,  long  range  data  communication 

5.  Reduced  manpower  for  operation  and  support 

6.  Long  term  storage  of  engine  and  vehicle  systems 

7.  Automated  ground  handling  and  launch/recovery 

8.  Extended  maintenance  free  operation 


Squadron:  F-16  C/D  Manned  Strike  UTA 

No.  of  Aircraft:  24  24 

Peacetime  Annual  Flying  Hrs:  8300  <100 

Squadron  Amortized  RDT&E:  $60M  $60M  ($2B  est.  over  33  squadrons) 

Squadron  Acquisition  Cost:  $381 M  $31 OM 

(24  UTA  @$7Meach, 

6  ground  stations  @  13.7Meach, 
$60M  GSE) 


14% 


Annual  O&S  $50.4M  $5.9M 

Total  10  Year  LCC  $945M  $429M 

Figure  3.  Ten  Year  LCC  Comparison 

9.  UTA  structural  design  criteria 

10.  Lightweight/limited  life  structure 


(all  $  in  1996  $M) 


The  first  four  technology  areas  are  absolutely  critical  as  they  put  the  ”U”  in  UTA.  The 
technology  areas  number  5  through  8  are  the  business  motivation  for  the  UTA  as  they  reduce  the 
peacetime  O&S  costs.  The  last  two  reduce  the  airframe  weight  of  the  UTA  which  reduces  the 
acquisition  cost. 


DESIGN  GUIDELINES  AND  CONSIDERATIONS 

GUIDELINE  #1:  THE  UTA  IS  NOT  A  MANNED  AIRCRAFT  WITH  THE  PILOT 
REMOVED 

Since  the  UTA  is  a  new  concept,  we  must  start  with  a  clean  sheet  of  paper  and  not  be  held 
hostage  by  tradition.  As  we  said  earlier,  the  UTA  is  not  a  manned  aircraft  with  the  pilot  removed. 
To  view  it  as  such  limits  the  design  and  operational  concept  to  a  manned  aircraft  viewpoint  -  in  terms 
of  design  criteria,  subsystems  and  equipment,  training  and  support,  operational  deployment  and 
mission  expectations.  This  type  of  thinking  yields  an  evolutionary  weapon  system.  The  UTA  should 
be  viewed  as  a  revolutionary  way  of  doing  tactical  air  warfare.  It  should  be  viewed  as  a  clean  sheet 
design  which  never  had  a  man  onboard  -  but  man  is  in  the  loop.  During  the  development  of  this 
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type  of  vehicle,  the  design  and  operational  lessons  learned  from  manned  systems  should  not  be 
forgotten. 


GUIDELINE  #2:  THE  UTA  IS  A  COMPLEMENT  TO  MANNED  AIRCRAFT,  NOT 
A  REPLACEMENT 

The  UTA  is  a  complement  to  manned  aircraft,  not  a  replacement.  There  arc  many  reasons 
for  having  a  viable  manned  aircraft  force.  Even  though  the  UTA  will  dominate  the  ISR  mission, 
there  will  be  a  need  for  a  mix  of  combat  UTAs  and  manned  aircraft.  One  point  of  view  is  that  during 
peacetime  and  low  tension  situations,  the  strike  UTA  would  probably  not  be  flown,  relying  on  the 
manned  strike  aircraft  to  project  airpower  and  control  situations.  During  wartime,  the  strike  UTA 
would  be  deployed  and  conduct  integrated  tactical  air  operations  with  the  manned  strike  aircraft 
fleet. 


GUIDELINE  #3:  THE  MAJOR  DESIGN  CONSIDERATION  IS  REDUCED  COST 

The  major  design  consideration  must  be  to  design  the  UTA  to  conduct  tactical  air  warfare 
at  a  reduced  cosi.  If  the  UTA  docs  not  have  reduced  cost  for  similar  effectiveness  as  a  manned  aircraft 
...  It  Will  Never  Happen!  There  must  be  a  compelling  reason  for  the  manned  aircraft  community 
to  tru.st  their  missions  to  a  UTA.  Reducing  the  cost  of  conducting  tactical  air  warfare  by  the  levels 
possible  with  the  UTA  is  a  compelling  reason. 

All  of  the  following  design  considerations  support  the  cost  reduction  potential  of  the  UTA. 

1.  DESIGN  FOR:  TRAINING  WITHOUT  FLYING  THE  VEHICLE 

The  proficiency  training  for  the  remote  opcrator(s)  is  transparent  to  whether  the  UTA 
is  flying  or  not.  Therefore,  the  UTA  system  .should  be  designed  for  peacetime  training  without 
having  to  fly  the  vehicle.  The  number  of  remote  operators  in  the  UTA  unit  during  peacetime  would 
be  at  the  wartime  level  and  they  would  train  using  synthetic  environment  simulation.  However,  by 
not  flying  the  UTA,  the  number  of  maintenance  and  support  personnel  needed  during  peacetime 
would  be  small.  These  few  maintenance  and  support  personnel  would  remain  proficient  by  using 
ground  training  devices  and  in  turn  would  train  rcserv'e  crews  for  wartime  augmentation.  This  is 
a  very  important  feature  if  the  potential  for  reducing  peacetime  O&S  is  to  be  realized. 

2.  DESIGN  FOR:  LONG  TERM  STORAGE 

If  the  system  has  been  designed  to  not  be  flown  during  peacetime,  then  the  vehicle 
will  need  to  be  designed  for  long  term  storage.  Ideally,  one  would  like  the  vehicle  to  be  put  into  a 
storage  facility  with  no  maintenance  required  and  then  respond  instantly  when  needed.  Our 
experience  with  Harpoon/SLAM  and  Tomahawk  cruise  missiles  indicates  that  we  need  to  provide 
a  humidity  controlled  facility  and  to  carefully  select  the  equipment  items.  Whether  or  not  the  vehicle 
is  stored  with  fuel,  weapons,  batteries  and  full-up  avionics  is  .still  an  open  question. 
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3.  DESIGN  FOR:  AUTOMATED  GROUND  HANDLING  AND  L&R 

The  UTA  system  should  be  designed  for  autonomous  (or  at  least  semi-autonomous)  ground 
handling  and  L&R  (launch  and  recovery)  during  flying  operations.  This  will  reduce  the  number  of 
people  required  to  support  the  aircraft  during  combat.  A  careful  study  needs  to  be  done  early  that 
examines  the  L&R  concept:  CTOL  (conventional  take-off  and  landing)  vs  rail  launch/parachute 
recovery  vs  TBD.  The  rail  launch/parachute  recovery  is  manpower  intensive  and  there  is  always 
damage  with  a  ground  impact  parachute  recovery.  If  the  vehicle  is  very  large  (ie;  several  thousand 
pounds),  automatic  CTOL  is  a  lower  cost  solution.  For  a  CTOL  UTA,  the  vehicle  would  taxi  under 
its  own  power  following  a  ground  map  and  programmed  instructions.  The  support  functions  of 
vehicle  systems  check-out  (health  status),  down  loading  new  mission  information,  rearming  and 
refueling  would  be  as  automatic  as  possible.  Replacing  tires,  brakes,  POL,  filters,  batteries  and  other 
minor  LRUs  would  still  be  human  tasks.  The  automated  ground  handling  feature  will  involve  some 
UTA  unique  ground  support  equipment. 

4.  DESIGN  FOR:  EXTENDED  MAINTENANCE  FREE  OPERATION 

If  the  UTA  were  designed  for  250  to  500  hours  of  maintenence  free  operation  (except  for 
replacing  tires,  brakes,  POL,  batteries,  filters  and  other  minor  LRUs),  the  maintenance  and  support 
personnel  could  be  reduced  significantly  relative  to  a  manned  aircraft  unit.  The  250  to  500  hours 
would  be  the  flight  hours  for  a  typical  ’’war”.  This  feature  would  mean  that  the  manpower  and  spares 
that  were  needed  to  go  to  ’’war”  would  be  small.  The  manpower  and  spares  would  be  only  that  needed 
to  ’’turn”  the  aircraft  for  combat  sorties.  At  the  end  of  the  typical  ’’war”  the  UTA  could  be  refurbished 
by  replacing  (or  upgrading)  many  of  the  major  equipment  items.  The  designer  would  need  to  design 
in  redundancy  and  carefully  select  the  equipment  items  for  high  reliability.  The  customer  will  need 
to  be  prepared  to  pay  extra  for  this  extended  maintenance  free  feature  in  the  acquisition  cost  of  the 
UTA. 


5.  DESIGN  FOR:  REDUCED  DIRECT  MAINTENANCE  MANHOURS  PER 

FLYING  HOUR 

This  design  consideration  is  always  good  whether  the  aircraft  is  manned  or  unmanned.  It  is 
especially  important  for  the  UTA  because  the  number  of  maintenance  personnel  available  to  go  to 
’’war”  will  be  limited  since  they  are  not  needed  during  peacetime.  The  replacement  of  tires,  brakes, 
POL,  batteries  and  minor  LRUs  would  be  designed  for  a  ’’pit  stop”  quick  change.  The  UTA  will  need 
extensive  onboard  diagnostics  to  monitor  and  report  the  health  and  status  of  the  vehicle. 

6.  DESIGN  FOR:  UTA  UNIQUE  STRUCTURAL  CRITERIA 

The  structural  criteria  for  the  UTA  will  be  different  than  for  a  manned  aircraft.  Since 
the  UTA  would  do  limited  flying  during  peacetime,  it  would  be  designed  for  a  shorter  design  life 
to  cover  only  the  actual  time  in  combat.  This  could  be  500  to  1000  hours  (ie;  two  ’’wars”  during  a 
10  year  vehicle  lifetime).  Also,  the  UTA  would  have  a  factor-of-safety  of  1.25  instead  of  the  1.5 
for  manned  aircraft.  Since  the  UTA  would  not  be  limited  by  a  human  onboard  for  altitude, 
endurance,  temperature,  vibration  and  maneuver  g  limits,  the  structural  design  envelope  can  be 
greatly  expanded. 
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7.  DESIGN  FOR:  DEPLOYMENT 

The  UTA  system  must  be  designed  for  easy  deployment  after  having  been  in  storage  for 
extended  periods.  A  careful  trade  study  needs  to  be  done  very  early  looking  at  the  movement  of  the 
UTA  vehicle  and  the  unique  ground  support  equipment  (GSE)  required  for  combat.  The  UTA  could 
be  flown  to  the  deployment  area  using  inflight  refueling  or  transported  in  a  large  transport  aircraft. 
Aerial  refueling  is  a  good  feature  regardless  of  the  deployment  concept.  Transporting  the  UTA  in 
another  aircraft  will  impose  design  constraints  on  the  vehicle  that  need  to  be  addressed.  The  unique 
GSE  could  be  pre-positioned  or  designed  for  easy  transport  in  transport  aircraft.  The  deployment 
air  bases  would  be  surveyed  in  advance  and  the  autonomous  ground  handling  plans  prepared. 

8.  INCORPORATE  THE  GOOD  DESIGN  FEATURES  AND  TECHNOLOGIES  FOR 
MANNED  AIRCRAFT  INTO  THE  UTA 

The  UTA  is  an  aircraft  and  F=ma  for  it  as  well  as  the  manned  aircraft.  Thus,  what  is  good 
for  the  manned  aircraft  is  also  good  for  the  UTA  (ie;  drag  and  fuel  consumption  reduction 
technologies,  small  smart  weapons,  and  high  strength,  lightweight  materials).  The  reverse  is  true 
here  also.  Many  of  the  design  features  for  the  UTA  arc  applicable  to  manned  aircraft  to  reduce  their 
LCC. 

SUMMARY 

The  design  guidelines  and  considerations  for  making  the  UTA  a  reality  have  been  discussed. 
The  extent  to  which  the  UTA  advantages  are  realized  is  as  much  a  cultural  challenge  (how  it  would 
be  implemented)  as  it  is  a  technology  challenge  (what  can  the  warfighter  have).  Since  the  impact 
of  the  UTA  is  a  revolutionary  reduction  in  the  cost  (both  financial  and  human  lives)  of  conducting 
tactical  air  warfare,  it  is  imperative  that  both  challenges  be  met. 
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A.  Gatti 

Product  Development 
Alenia  Aerospazio 
Product  Development 
Corso  Marche  41,  10146  Torino,  ITALY 


SUMMARY: 

Analysing  the  different  scenarios  currently 
considered  by  NATO  (Peace  keeping.  Out  of  Area, 
Counter  Proliferation,  Article  5)  requirements  of 
weapon  systems  at  the  same  time  precise,  lethal, 
with  a  great  st£md-off  r^mge  and  endurance 
capability  emerge.  Budget,  humanitarian  and 
political  needs  together  with  improvements  in 
technolgy  suggest  that  un-habitated  systems  will 
become  the  best  answer  to  those  requirements. 
Italian  Air  Force  still  operate  a  large  number  of 
F-104s  that  within  few  years  will  be  phased  out.  The 
conversion  of  F-104s  into  autonomous  and 
recoverable  unmanned  vehicles  able  to  perform 
ground  attack  or  SEAD  missions,  or  into  an 
high-altitude  reconaissemce  platform  is  feasible  and 
seems  an  actractive  and  affordable  way  to  develop 
an  effective  hardware  able  to  safely  operate  in 
mixed  air  operations  in  which  maimed  and 
unmanned  planes  share  different  roles. 

ACRONIMS  &  ABBREVIATIONS 


A/C 

Aircraft 

AMI 

AeronautIca  Militare  Kallana  (Italian  Air  Force) 

EO 

Bectro  Optical 

GPS 

Global  Positioning  System 

HALE 

High  Altitude  Long  Endurance 

INS 

Inertial  Platform 

IR 

Infra  Red 

IRSTA 

Intelligence  Reconaissance  Target  Acquisition 

Kft 

Kilo  Feet 

LOROP 

LOng  Range  Oblique  Photography 

NFCC 

Navigation  and  Right  Control  Computer 

RX/TX 

Receiver/T  ransmittor 

SAR 

Sinthetic  Aperture  Radar 

SEAD 

Suppression  of  Enemy  Air  Defences 

TAS 

True  Air  Speed 

TBM 

Tactical  Ballistic  Missile 

UCAV 

Unmanned  Combat  Air  Vehicle 

1  INTRODUCTION. 

Since  the  collapse  of  the  W arsaw  Pact,  deep  chemges 
have  arisen  m  warfare  operational  concepts, 
weaponry  and  criteria  of  political  approval  about 
force  application. 

Governments  increasingly  face  the  contradictory 
needs  of  managing  military  operations  achieving 
the  target  they  are  aimed  to,  without  suffering  any 
fatal  casualty  and/or  inflicting  any  imintentional 
damage  to  the  hostile  party. 

Budget  constrains  set  at  the  same  time  the  necessity 
to  keep  training  and  acquisition  costs  as  down  as 
possible  suggesting  that  the  only  conflict  a  Western 
Coalition  can  sustain  without  loosing  its  public 
opinion’s  support  and  its  flnacial  stability  is  a  "zero 
casualties-zero  costs”  one. 

In  all  the  different  scenarios  currently  considered 
by  NATO  (Peace  keeping.  Out  of  Area,  Coimter 
Proliferation,  Article  5)  the  need  to  reduce 
collateral  dam2ige  is  driving  to  the  need  of  weapon 
systems  at  the  same  time  precise,  lethal,  with  a  great 
stand-off  range  and  endurance  capability. 

The  conversion  of  ageing  combat  aircraft  into 
autonomous  and  recoverable  unmanned  vehicles 
able  to  deliver  precision  weapons  seems  actractive 
being  capable  of  covering  different  missions  at 
competitive  costs  when  compared  with  highly 
sophisticated  and  dedicated  stand-off  weapons. 

2  OPERATIONAL  LIMITATIONS  AND 
NEEDS. 

To  identify  the  requirements  of  future  systems  an 
analysis  based  upon  the  scenarios  related  to 
operations  of  Peace  Keeping,  Counter  Proliferation, 
Out  of  Area  and  Article  V  has  been  performed. 
Results  of  this  analysis  show  that,  although  the  level 
of  the  Anti  Aircraft  threat  was  very  influenced  by 
every  specific  scenario  considered  (ranging  from 
quite  low  in  Peace  Keeping  operations  to  very  high 
in  Counter  Proliferation  operations),  anyway  the 
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accuracy  required  on  weapons  delivery  was  always 
very  high  in  order  to  minimise  the  risk  of  collateral 
damage  (Peace  Keeping),  guarantee  an  high  lethality 
during  a  single-raid  operation  (Counter 
Proliferation),  reduce  the  time  required  to  reach  a 
planned  operational  target  (Out  of  Area  and  Article 

V). 

A  direct  consequence  is  that  the  Circular  Error 
Probability  of  the  weapon  has  to  be  as  low  as  possible 
(tipically  below  15  ft)  and  the  confidence  level  on 
target  identification  is  to  be  very  high.  This  last  aspect 
implycs  the  availability  of  a  very  cfficcnt  Intelligence 
Reconaissance  Surveillance  and  Target  Acquisition 
system  and  a  very  capable  Target  Identification 
system  placed  on  the  weapon  delivery  platform. 
Therefore  two  typical  platforms  can  be  identified: 

-  with  long  endurance  and  high  altitude  for  IRSTA 
(HALE); 

-  able  to  fly  at  very  low  altitude  for  direct  attack 
(UCAV). 

Both  of  these  roles  suggest  the  use  of  non-habitated 
platform  in  order  to  avoid  a  serious  physical  strc.ss  in 
the  first  case  and  a  very  dangerous  ri.sk  esposurc  in 
the  second. 

The  first  role  would  lead  to  very  dedicated  unmanned 
platforms  (HALE)  whilst  the  second  can  lead  to  both 
the  use  of  cruise  missiles  featuring  very  sophisticated 
systems  for  target  acquisition  and  identification,  or  to 
recoverable  UCAVs  able  to  deliver  very  precise 
weapons  (stand-off  or  short  range)  and  perform 
Recce  missions. 

2.1  Requirement  on  HALE. 

HALE  A/Cs  can  provide  long  range  surveillance 
over  wide  areas  and  look  deeply  into  hostile 
territory  taking  advantage  of  the  extended 
line-of-sight  again, st  earth  curvature  and  terrain 
obstacles  for  monitoring  sites  and/or  launch  phase 
of  TBMs  or  cruise  missiles  as  well  as  to  control  other 
suspect  activities  (Stand-off  Surveillance  and  Early 
Warning)  or  cueing  forwardly  deployed 
engagement  systems  (aircraft,  ships,  etc.). 
Flexibility  typical  of  aerial  platforms  will  grant  rapid 
deployment  and  repositioning  whereas  long 
endurance  should  be  a  requirement  for  getting  the 
maximum  operational  easiness  and  the  minimum 
total  cycle  cost  (fleet  size,  crews,  logistics,  training, 
etc.). 


Loitering  altitude  should  be  well  above  commercial 
air  traffic  ( >  >  60kft),  loitering  speed  (perhaps  close 
to 200  kt  TAS)  shall  be  set  by  maximizing  endurance 
once  SAR  minimum  .speed,  the  presence  of  adverse 
jet-streams  and  the  detection  of  slow  moving  target 
with  MTI  radar  have  been  taken  into  account. 
Typical  operational  range  (distance  from  airbase  to 
loitering  station)  .should  be  in  the  order  of  500-1000 
Km,  the  maximum  range  being  limited  by 
linc-of-sight  range  between  the  A/C  and  its  Control 
Station,  the  use  of  a  midway  data-link  (A/C  or 
satellite)  allowing  longer  range  operations. 

Several  sensor/payload  packages  will  be  required 
in  order  to  perform  different  missions.  Depending 
upon  the  size  of  the  platform  they  will  be  combined 
together  to  enhance  mission  capability. 

-  EO/IR  Sensor, 

for  Reconaissance  and  Surveillance  of  generic 
targets  both  fixed  and  mobile. 

-MTI/FTl  Radar  (SAR), 

for  monitoring  of  suspect  activitic.s,  track  mobile 
ground  targets. 

-  ELINT/SICiINT  equipment, 

for  monitoring  communication  and  electronic 
activities. 

-  Traspondcr  /  repeater  equip.: 

for  telecommunication  relay  in  order  to  rapidly 
expand  C^  function,  expccially  for  out-of-arca 
operations. 

Different  dedicated  payloads  would  enable  even 
civil  application  as  Exclusive  Economic  Zone 
monitoring,  narcotic  smuggling  repression,  weather 
reconnaissance,  earth  and  sea  observation, 
agricultural/forcstry  mapping,  pollution 
monitoring. 

A  total  mass  of  the  payload  (sensors,  recording 
sy.stcm,  data  link)  of  1000  Kg  is  rcali.stic. 

12  Requirement  on  UCAV. 

The  platform  for  the  low  altitude  attack  role  i.s,  from 
any  practical  standpoint,  an  attack  aircraft  except 
for  not  having  any  pilot  onboard.  It  should  permit 
the  carriage  and  delivery  of  at  least  two  precision 
weapons  in  the  1000  Kg  class  or  of  two  HARM 
missiles  over  a  500  km  range  and  be  compatible 
with  the  carriage  of  Recce  pods. 


3  UN-HABITATED:  Autonomous  or 
remotely  controlled?. 

When  dealing  with  the  concept  of  "un-habitated"  a 
basic  distinction  occurs  between  an  almost 
autonomous  vehicle  and  a  remotely  controlled  one. 
The  attribute  of  "almost"  is  due  to  the  necessity  of 
giving  to  a  human  operator  the  capability  to  supervise 
what  an  automatic  system  is  going  to  do  before  any 
critical  decision  (i.e.  involving  the  use  of  weapons). 
For  the  most  part  of  its  flight  the  system  will  behave 
in  total  indipendence,  just  relying  upon  its  capability 
to  set  an  appropriate  flightpath,  route  and  a  correct 
"tactical"  behaviour. 

Such  a  capability,  that  can  be  considered  a  sort  of 
"artificial  tactical  mind",  must  be  able  not  only  to  fly 
over  a  corrugated  landscape,  functionality  that  is 
already  available  as  a  state  of  the  art  one,  but  also  to 
be  able  to  acquire,  locate  and  identify  critical  items 
as  potential  targets  or  threats  and  take  a  proper 
decision  about  its  flightpath  and  behaviour  (use  of  the 
weapons,  etc.). 

Therefore  the  system  has  to  be  able  to  perform  in  real 
time  a  process  of  objects  identification  based  on  its 
sensors  (TV,IR,  etc.)  output  and  then  to  properly 
identify  the  tactical  situation  existing  in  that  moment 
in  order  to  get  a  situation  awareness.  Finally  it  must 
be  able  to  decide  how  to  change  its  flightpath,  taking 
into  accoimt:  the  goal  it  was  assigned  to,  its  energy 
(altitude,  speed,  fuel  remaining,  etc.),  threat 
avoidance,  etc.. 

Key  technology  of  the  system  will  be  the  use  of 
concepts  like  those  of  "fuzzy  logic"  and  "neural 
network"  for  image  and  situation  automatic 
recognition. 

An  alternative  approach  is  the  remote  control  of  the 
platform,  using  for  example  a  data-linking,  by  a 
human  operator  eventually  supported  by  an 
automated  system  by  far  greatly  simplified  with 
respect  to  the  fully  automated  one.  In  this  case  the 
main  scope  the  system  has  to  fulfil  is  the  navigation 
and  flight  control,  in  terms  of  attitude  holding,  of  the 
platform. 

Pondering  the  current  technology  status  in 
cybernetics,  software  and  hardaware  availability  the 
second  approch  has  been  thought  as  more  realistic 
and  able  to  generate  operation  systems  in  the  middle 
term. 


4  THE  F-104  in  the  Italian  Air  Force. 

The  development  of  the  F-104  (fig  4-1)  began  in  1951, 
its  G  version  flew  in  October  1960  and  the  S  followed 
in  December  1966.  The  aircraft  was  produced  on  two 
continents,  the  American  and  the  European,  with  a 
total  exceeding  2500,  and  were  in  service  in  14 
countries  worldwide.  The  F-104  was  considered  as  an 
exceptional  interceptor  type  and  still  retains  this 
classification  among  modern  day  aircraft. 

The  Italian  Air  Force  used  more  than  160  F-104G 
produced  in  Italy  under  Lockheed  license  and 
currently  is  still  operating  more  than  150  aircraft  of 
a  total  of  more  than  200  delivered  since  1969  in  the  S 
version  which  was  co-produced  with  Alenia  (at  that 
time  Aeritalia)  till  1977. 

The  last  modernisation  plan,  involving  more  than  100 
aircrafts  is  currently  in  progress. 

The  phasing  out  of  the  F-104  is  foreseen  to  happen 
for  the  year  2005  being  the  Starfighter  replaced  by 
the  EF-2000. 

At  that  time  more  than  100  F-104  will  be  available  in 
Italy  (and  more  than  600  all  over  the  world  in  flying 
or  storage  condition)  for  conversion  in  unmanned 
aircraft  or  for  the  scrapyard. 


F-104S  Main  Characteristics 

Length 

16693.9  m 

Span 

6687.3  m 

Wing  Surface 

18.22  sqm 

Emty  Weight 

6760.5  Kg 

Design  Weight 

9615.0  Kg 

Payload 

3054.0  Kg 

Operational  Empty 
(with  pilot) 

7503.9  Kg 

Internal  fuel 

2869.0  Kg 

Underwing  tanks 

1211.1  Kg 

Tip  tanks 

1435.2  Kg 

Thrust 

dry:  52.8  KN 
with  AB:  79.0  KN 

The  aircraft  is  fitted  with  two  engine-driven  20KVA 
115/200V  variable-frequency  (320-520Hz) 
generators  and  a  2.5  KVA  115/200V  fixed  frequency 
generator  driven  by  an  hydraulic  engine.  A 
trasformer/rectifier  unit  and  two  nickel-cadmium 
batteries  provide  to  28V  DC  supply. 

For  armament  carriage  a  total  of  9  attachment  points 
is  available  (at  wingtips,  under  wings  and  under 
fuselage). 


5  MODIFIED  UN-HABITATED 
VERSIONS. 

Two  different  levels  of  modification  have  been 

identified: 

-  Mainly  focused  on  hardware  and  software 
integration  in  order  to  make  the  aircraft  able  to 
perform,  without  any  human  on  board,  missions 
whose  profiles  are  very  similar  to  those  it  was  in 
origin  designed  for  (UCAV). 

-  Of  greater  extent  and  larger  impact  on  the  aircraft 
configuration  itself  in  order  to  cope  with  brand 
new  mission  profiles  like  those  of  an  high  altitude 
Recce  aircraft  (HA-UAV). 

5.1  Unmanned  Combat  Air  Vehicle. 

This  version  (fig  5.1-1)  is  aimed  at  performing  high 
risk,  low  altitude  mi.ssions  as  Recce  flights  or  ground 
attacks  using  anti  radiation  missiles  for  SEAD  or 
eventually  as  delivery  platform  of  guided  or 
stand-off  weapons. 

To  accomplish  Recce  role  the  best  way  is  the 
integration  of  any  EO/IR  Recce  Pod  connected 
through  the  aircraft  Data-Link  to  the  ground  rather 
than  the  installation  of  dedicated  sensors  inside  the 
aircraft. 

Integration  of  a  target  designation  system  (LCDP 
pods  or  equivalents)  for  weapon  guidance  is  not 
considered  cost  effective  and  the  best  used  in  direct 
ground  attacks  with  guided  munitions  will  be  just 
carry  and  release  the  bombs  whereas  the 
designation  will  be  performed  by  a  less  exposed 
aircraft. 

The  most  promising  use  of  an  unmanned  F-104  is 
the  launch  of  Anti  Radiation  Missiles  during  SEAD 
attacks.  Each  aircraft  can  carry  up  to  4  HARM  or 
equivalent  missiles  that  could  be  initialized  via 
data-link  by  a  SIGINT/ELINT  aircraft  orbiting  in 
a  stand-off  position  or  a  Tornado  ECR  class  aircraft 
flying  at  a  safe  distance  from  the 
unmanned-intruder. 

-  Configuration  changes 

The  airframe  will  be  modified  removing  by  the  front 
part  of  the  fuselage  the  cockpit,  pilot  scat,  radar, 
gun  and  related  accc.s.sorics.  The  guidance  system, 
additional  sensors  (TV /IR,  GPS,  etc.)  and  data-link 
antennas  will  be  housed  into  a  new  semi-flush 
radome  replacing  the  canopy  (figs  5.1-2, 5.1-3).  The 
nose  cone  will  be  not  changed  in  shape  in  order  to 
avoid  the  re-tuning  of  the  air  data  sensors. 


Taking  into  account  the  removal  of  furnishing  and 
equipments  (ejection  scat,  oxigen  bottles,  di.splays, 
etc)  a  weight  reduction  of  160  kg.  is  realistic  without 
heavy  impacts  on  the  airframe.  Deletion  of  M-61 
gun,  ammunition  and  cases  would  save  340  kg  and 
some  further  170  kg  will  come  from  Radar  and 
avionics. 

The  new  avionics  and  sensors  will  add  a  total  of  160 
kg- 

Additional  fuel  tanks  can  be  housed  in  the  fuselage 
inside  the  gun  bay  (130  Kg),  the  ammunition 
stowage  compartement  (225  Kg)  and  the  cabin  (450 
kg)- 

Anyway  additional  evaluations  have  to  be 
performed  in  order  to  assess  if  benefits  in  range  are 
worthy  this  quite  costly  modification. 

-  Avionics  and  Control  System 

The  navigation  and  fligh  control  system  will  be 
based,  to  keep  dow-n  co.sts  and  complexity,  on  only 
two  indipendent  computers  one  of  which  on-duty 
and  the  other  in  stand-by.  Switching  from  one  unit 
to  the  other  will  happen  as  a  consequence  of  a 
failure  evidenced  by  a  built-in  test  procedure 
perhaps  enhaneed  by  further  specific  built-in  tc.sts 
activated  via  data-link. 

Navigation  and  attitude  control  will  be  performed 
by  NFCC  using  position  and  attitude  data  coming 
from  the  IN/GPS  unit  which  is  duplicated  for 
redundancy  whereas  angle  of  attack,  speed  and 
barometric  altitude  will  .still  come  from  the  current 
sensors.  Special  interfaces  will  be  required  to  make 
engine  parameteres  able  to  be  input  into  the  NFCC. 

-  Data  Link 

The  data  link  is  intended  to  be  MIDS  standard  with 
an  additional  hardware  to  connect  the  system 
via-satcllite  with  the  italian  military  communication 
sistem  (SICRAL).  The  need  to  send  images 
generates  high  data  rates  which  impo.se  the  use  of 
dedicated  computers  for  image/signal 
compression. 

To  control  the  aircraft  the  automatic  sy.stcm  will  act 
on  the  current  control  lines  (rods  ba.sed, 
hydraulically  powered)  for  rudder,  ailerons  , 
elevator  and  engine  throttle  using  additional 
electric  actuatorsin  very  close  analogy  with  classical 
drone  conversions  (OF-104). 


By  an  operational  point  of  view,  the  excellent 
bisonic  design  of  the  F-104  has  no  reason  to  be 
changed  even  if  the  Mach  2  +  performance  relevant 
to  the  clean  aircraft  (without  wing  tanks  and  at  high 
altitude)  will  be  not  exploited  any  more,  whereas 
penetration  speed  at  sea  level  of  500  Knt  a  the  very 
low  gust  sensitivity  are  more  than  adequate  even  for 
the  unmanned  variant. 


F-104S  UCAV  Main  Characteristics 

Length 

16693.9  m 

Span 

6687.3  m 

Wing  Surface 

18.22  sqm 

Emty  Weight 

6160  Kg 

Payload 

3054  Kg 

Internai  fuei 

2869.0  Kg 

(*  with  additionaf  tanks) 

{3674.0  *) 

Underwing  tanks 

1211.1  Kg 

Tip  tanks 

1435.2  Kg 

Thrust 

dry:  52.8  KN 
vwth  AB:  79.0  KN 

5^  High  Altitude  UAV. 

This  version  (fig.  5.2-1)  is  aimed  to  cover  the  role 
of  high  altitude,  long  range.  Recce  or  ELINT 
aircraft. 

By  an  historical  standpoint,  conversion  of  F-104  into 
an  high  altitude  reconaissance  aircraft  it  is  not  new, 
this  modification  having  been  the  base  of  U-2A 
prototype.  For  the  HA-UAV,  modifications  of  that 
extent  are  not  realistic  being  their  cost  absolutely 
not  worthy  when  compared  with  the  intrinsic  value 
of  a  30  years  old  airframe.  Therefore  the 
modification  has  been  conceived  as  the  minimum 
required  to  enable  the  aircraft  to  carry  a  payload  of 
1000  Kg  at  20-21  km  of  altitude  and  speed  of  Mach 
0.75-0.80. 

To  get  the  aim  it  is  intended  to,  on  the  High  Altitude 
UAV,  Starfighter’s  fuselage  has  to  be  matched  with 
a  brand  new,  high  aspect  ratio,  wing.  This  wing  will 
be  based  upon  supercritical  airfoils  with 
thickness-to-chord  ratio  of  9-10%  and  a  sweep 
angle  at  the  leading  edge  of  14°.  Flaperons  will  be 
present  on  the  trailing  edge. 

The  largely  different  lift-incidence  slope  of  this  new 
wing  compared  with  basic  wing’s  one  directs  a  great 
configuration  change  of  aerodynamic  control 
surfaces  to  enable  again  longitudinal  stabilisation 
and  trim.  To  preserve  the  longitudinal  static  margin 
and  guarantee  good  dumping  characteristics,  the 
horizontal  tail  surface  has  to  be  drastically  enlarged, 
its  aspect  ratio  increased  and  its  profile  changed 
with  respect  to  the  current  layout  thus  leading  to 
the  costruction  of  a  brand  new  unit.  The  vertical  tail 


will  be  deeply  modified  too:  the  rudder  geometry 
being  enlarged  and  an  high  aspect  ratio  tip  added 
at  the  top  of  the  fin. 

The  existing  undercarriage  will  not  be  altered  but 
integrated  with  two  small  retractable  outriggers  on 
the  wing  in  order  to  avoid  structural  overstressing 
during  take  off  and  landing  and  to  ease  the  control 
in  the  event  of  crosswind  during  approach /landing 

The  front  part  wilt  be  modified  just  as  the  low 
altitude  version. 

Additional  fuel  (some  4200  litres)  will  be  stored  in 
the  wing. 

RECCE  equipment  will  be  housed  in  the  forebody 
and  it  will  consists  of  a  long  range  elettro-optical 
sensor  for  LOROP  and  an  IR  line  scanner  or,  as  an 
alternative,  of  a  SAR  equipment. 


F-104S  UCAV-HA  Main  Characteristics 

Length 

16693.9  m 

Span 

21.0  m 

Wing  Surface 

41.0  sqm 

Emty  Weight 

7000  Kg 

Payload 

1000  Kg 

internai  fuel 

7200  Kg 

6  OPERATIONAL  CONCEPTS. 

The  main  issue  about  using  unmanned  aircrafts  in  an 
open  air-space  (and  not  inside  a  firing  or  test  site)  is 
the  accomplishment  of  safe  operational  conditions  for 
all  the  other  planes  flying  inside  the  radius  of  action 
of  the  UCAV  as  well  as  for  people  and  properties  on 
the  ground. 

The  best  way  to  solve  this  problem  seems  to: 

1  use  a  pre-programmed  flight  route  based  upon 
waypoints,  the  route  will  be  send  (encripted) 
via  MIDS  to  all  the  other  platforms  sharing  a 
given  air-space  with  UCAV  together  with  the 
designation  of  the  UCAV  as  un-habitated; 

2  directly  control  the  aircraft  during 
take-off/initial  climb  and  approach /landing 
using  a  remote  operator  on  the  ground; 

3  monitor  the  flightpath  routinely  during  the 
cruise  phase,  in  the  event  of  an  engine  failure 
an  automated,  real-time,  mission  replanning 
has  to  performed  on  ground  and  sent  to  the 
UCAV  heading  it  to  a  safe  impact  point. 


4  during  the  penetration  phase,  control 
authority  can  be  left  either  to  the  on-board 
automatic  system  with  remote  supervision 
using  satellite  data-link,  or  switched  to  a 
human  operator  onboard  an  aircraft  loitering 
in  a  safe  position. 

5  it  is  mandatory  not  to  engage  directly  the 
target  using  unguided  or  self-targeting 
weapons  due  to  the  difficulty  of  the  acquisit  ion 
and  aiming  process  even  by  a  remote  human 
operator  but  use  guided  weapons  whose  target 
illumination  was  peformed  by  an  external 
human  operator. 

If  during  any  of  these  phases  the  aircraft  would  go  out 
of  control  and  no  recovery  action  could  be  taken  a 
self  destruction  system  will  be  activated. 

To  conclude:  in  the  middle  term  air  operation  entirely 
ba.sed  upon  un-habitated  vehicles  arc  not  realistic, 
mixed  manned/un-habitated  planes  operations  seem 
by  far  more  feasible. 

As  an  example,  when  considering  the  inventory  of 
aircrafts  of  the  Italian  Air  Force,  two  different 
platforms  could  be  soundly  designated  as  able  to 
house  the  airborne  manned-part  of  the  system. 

-  The  Tornado  ECR  for  SEAD  high-risk  missions: 
the  aircraft  can  fly  behind  the  UCAVs  and  use  its 
electronic  sensors  suite  to  discover,  identify  and 
locate  the  radar  threath,  then  using  the  data-link 
can  initialize  and  fire  the  UCAV-carried  anti  radar 
missiles  under  the  control  of  the  Tornado  system 
operator. 

-  The  AMX  in  its  two  scats  variant  for  close  air 
support  operations:  the  manned  aircraft  can  loiter 
at  a  safe  distance,  at  medium-high  altitude,  from 
the  target  and  use  a  designating  laser  system  (cs: 
LCDP  pod)  whereas  the  UCAVs  will  simply  carry 
the  laser  guided  weapons  and  release  them  under 
the  control  of  the  weapon  operator  onboard  the 
AMX. 
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List  of  acronyms ; 


ability  of  some  classes  of  UTAs  and  sensors  to  perform 
some  specific  missions. 


ACTD: 

Advanced  Concept  Technology 
Demonstrator 

ATO: 

Air  Task  Order 

CAOC: 

Combined  Air  Operation  Center 

COMINT : 

COMmmunication  INTelligence 

C4I: 

Command,  Control,  Communication, 
Computer  and  Intelligence. 

ELINT: 

ELectronic  INTelligence 

IFF; 

Identification  Friend  or  Foe 

JFC: 

Joint  Force  Commander 

MTI: 

Moving  Target  Indicator 

MTOW; 

Maximum  Take  Off  Weight 

NBC: 

Nuclear  Bacteriologic  and  Chemical 

SAR: 

Synthetic  Aperture  Radar 

SatCom : 

Satellite  Communication 

SEAD: 

Suppress  Enemy  Air  Defense 

SIGINT : 

SIGnal  INTelligence 

STANAG : 

STANdardization  AGreement 

•  An  overview  of  some  UTA  proposed  by  Aerospatiale  and 
some  other  companies  with  their  main  characteristics.  This 
part  will  be  focused  on  existing  systems  such  as  CL  289 
(deployed  in  Bosnia),  Medium  Altitude  vehicles  and  High 
Altitude  Long  Endurance  concepts. 

Presentation  will  end  with  the  description  of  some  Concepts 
of  Operations  for  UTA  systems  on  a  Battlefield. 

2.  INTRODUCTION 

The  "end"  of  the  "cold  war"  brought  a  lot  of  changes  in  the 
nature  of  the  conflicts  that  NATO  forces  may  have  to  cope 
with. 

In  a  recent  past  (before  1989),  battlefields  were  supposed  to 
be  made  of  a  succession  of  lines  rather  well  defined  and 
concentrated  on  a  rather  small  area. 


1.  SUMMARY 

This  paper  deals  with  the  role  of  Unmanned  Tactical  Aircraft 
(UTA)  in  tactical  surveillance  and  support  missions  on  a 
battlefield. 

It  addresses  the  main  following  points  : 

•  A  definition  of  what  are  the  "UTA"  addressed  in  this 
paper. 


Today  battlefield  surveillance  becomes  a  new  challenge  for 
most  of  the  forces  as  they  have  to  realize  missions  on  theaters 
where  units  are  spread  all  over  a  large  area.  In  such  a 
configuration,  potential  threat  may  be  very  mobile  all  around 
some  NATO  or  UN  isolated  positions. 

This  "new  definition"  of  the  battlefield  makes  necessary  to 
have  an  effieient  and  continuous  surveillance  of  wide  areas  in 
order  to  be  able  detect,  in  nearly  real  time,  moves,  changes  in 
the  enemy  strategy  and  give  alert  when  needed  (situation 
awamess). 


•  An  overview  of  the  new  battlefields  and  their  influence  in 
the  surveillance  and  reconnaissance  missions  and 
architectures, 

•  A  presentation  of  the  environment  where  the  UTA  have  to 
fly: 

^  atmospheric  constraints, 

■=>  operational  constraints, 

■=>  enemy  constraints. 

•  A  description  of  the  various  missions  which  could  be 
performed.  In  particular,  for  reconnaissance  and 
surveillance  missions,  some  examples  extracted  fi'om 
STANAG  3769  will  be  given  and  will  demonstrate  the 


For  such  tactical  missions  UTA  systems  offer  a  very  high  level 
of  capabilities. 

Recent  advances  in : 

•  sensors  (High  resolution  CCD  cameras,  Infi:ared  sensors, 
SAR  and  MTI  Radar,  SIGINT, ...) 

•  communications  (Satcom,  High  Rate  Data  Link, ...), 

•  jammers, 

•  aeronautical  technologies  (engines,  light  structures, ...) 

make  now  available  a  large  set  of  UTA  and  associated 
payloads.  They  are  able  to  cover  a  lot  of  tactical  surveillance 
reconnaissance  or  support  needs  of  a  modem  army. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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However  it  is  mandatory  to  notice  that  UTA  systems  are 
primary  aerial  vehicles  which  will  have  to  cope  with  the 
enemy,  the  atmosphere,  the  air  traffic  and  the  air  operations. 

3.  UTA  ADDRESSED  IN  THIS  PAPER 

UTA  addressed  in  this  paper  are  mainly  unmanned  aerial 
systems  designed  for  reconnaissance,  surveillance  et  support 
missions. 


•  a  good  communication  network, 

•  a  good  intelligence  capability, 

•  a  good  set  of  supporting  systems. 

Such  services  might  be  widely  based  on  unmanned  tactical 
aircraft  both  for  economical  and  safety  reasons. 

Morevover,  to  perform  tactical  missions,  combat  aircraft  pilots 
will  need  more  and  more  real  time  information  which,  again, 
may  be  gathered  by  unmanned  systems. 


Three  main  categories  of  air  vehicles  and  associated  systems 
will  be  taken  into  account ; 

•  fast,  low  altitude  vehicles 

•  medium  altitude  vehicles 

•  high  altitude  vehicles 

Concept  of  operations  will  only  consider  the  case  where  these 
vehicles  are  directly  used  for  the  profit  of  tactical  missions  or 
for  gathering  information  useful  at  the  Joint  Force 
Commander  or  Combined  Air  Operations  Center  levels. 


4.1  Communication  network 

In  a  wide  and  hilly  area  such  as  Bosnia,  implementation, 
operation  and  logistics  around  communication  networks 
quickly  became  a  very  difficult  task  involving  hundreds  of 
operators  and  warfighters. 

Such  a  situation  may  occur  each  time  forces  will  have  to  be 
deployed,  by  small  groups,  over  large  areas.  It  will  be  even 
more  challenging  during  the  initial  deployment  pha.se  and  the 
final  withdrawal  phase. 


The  term  UTA  will  be  used  for  the  overall  system  made  with 
the  air  vehicle,  the  data  links  and  the  control  ground  segments. 

Unmanned  combat  aircraft  and  short  range  automatic  systems 
will  not  be  addressed. 


The  various  level  of  surveillance 
4.  THE  NEW  BATTLEFIELDS 

In  a  recent  past,  forces  of  the  various  NATO  countries  were 
equipped  and  trained  in  order  to  cope  with  an  East  /  West 
direct  confrontation. 

With  such  an  assumption,  battlefield  was  supposed  to  consist 
in  a  succession  of  rather  "parallel"  combat  lines  limited  to  a 
"small"  area. 

Recent  operations  demonstrated  that  in  the  next  future  such  a 
configuration  may  still  occur  (Gulf  War)  but  that  very  often 
NATO  or  UN  forces  will  have  to  cope  with  new  kinds  of 
conflicts  such  as ; 

•  guerrilla  warefare, 

•  peace  keeping, 

•  crises  management,  ...etc. 

In  all  these  cases,  NATO  or  UN  forces  will  be  disseminated 
over  a  large  area  and  will  have  to  manage  difficult  tactical  and 
operational  situations. 

Joint  Force  Commander  will  need  three  kinds  of  fundamental 
services : 


As  communication  netxs'ork  is  the  "heart"  of  C4I  systems 
"short  term"  solutions  have  been  found  in  order  to  cope  with 
these  situations.  Satcom,  for  instance,  arc  more  and  more  the 
mean  that  forces  use  to  insure  a  kind  of  "minimum  service". 

In  such  a  context  the  use  of  Long  Endurance  Unmanned 
Tactical  Aircraft  equipped  with  cither  tactical  communication 
relay  or  digital  broadcast  system  will  provide  a  new 
capabilities  to  forces. 

Recent  studies  just  initiated  in  USA,  UK  or  France 
demonstrate  the  potential  interest  of  such  a  solution  (Ref  1). 

4.2  Intelligence  on  the  battlefield. 

To  be  able  to  manage  the  tactical  situation.  Joint  Force 
Commander  will  have  to  know  in  nearly  real  time  what  arc  the 
enemy  forces  and  positions.  In  addition  he  will  need  to  get 
very  quick  information  if  any  alert  appears. 

A  lot  of  payloads  are  now  available  which  allow  intelligence 
services  to  collect  the  mandatory  data  ; 

•  SAR  and  MTI  Radar, 

•  COMINT  systems, 

•  ELTNT  systems, 

•  NBC  warning  system,  etc... 

The  main  problems,  as  the  payloads  seem  to  be  available, 
are : 

•  to  insure  the  permanent  surveillance  of  a  large  area, 

•  to  collect  the  right  data, 

•  to  process  in  «  real  time  » the  data, 

•  to  disseminate  processed  data  through  the  C41  to  the  right 
user. 

This  supposes  a  high  level  of  interoperability  at  each  step  of 
the  chain. 

Unmanned  tactical  aircraft  may  provide  unique  permanent 
surveillance  capabilities.  But  for  such  a  purpose,  it  may  also 
become  mandatory  to  make  the  UTA  itself  interoperable  in 
order  to  allow  a  quick  broadcasting  of  warning  information 
for  instance. 
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4  J  Support  system 

Military  operations  and  more  especially  air  operations  are 
more  and  more  supported  by  external  systems  such  as  : 

•  Communication  relay, 

•  Target  designators, 

•  Jammers,  ... 

Most  of  these  hazardous  missions  are  today  carried  out  by 
manned  systems. 

A  logical  evolution  would  be  to  make  these  systems  more  and 
more  efficient.  A  way  to  do  it,  is  to  allow  them  to  go  closer  to 
the  target  (and  the  threat)  by  making  them  unmanned. 

5.  ENVIRONMENT  ON  THE  BATTLEFIELD. 

The  number  of  actors  on  the  battlefield  is  greater  and  greater. 
This  implies  that  coordination  and  deconfliction  are  needed  at 
all  the  levels  of  command. 

UTA  wil  be  one  of  these  actors. 

On  the  battlefield,  all  tactical  unmanned  aircraft  will  have  to 
cope  with  three  different  kinds  of  constraints  : 

•  atmospheric, 

•  operational, 

•  enemy. 

In  addition,  if  efficiency  of  the  overall  forces  and  survivability 
of  some  actors  are  based  on  the  use  of  Unmanned  Tactical 
Aircraft,  these  systems  will  have  to  be ; 

•  available, 

•  reliable, 

•  survivable. 

In  these  future  mixed  Manned  /  Unmanned  missions  UTA  will . 
be  a  key  part  of  manned  operations, 

5.1  Atmospheric  constraints 

An  aircraft  operating  in  western  Europe  in  all  seasons  may 
have  to  fly  in  very  difficult  conditions  : 

•  wind, 

•  snow  and  ice, 

•  fog, 

•  thunders  and  lightening,  ...etc 

If  the  success  of  a  combat  mission  (manned  or  unmanned) 
depends  on  the  presence  of  an  unmanned  tactical  aircraft, 
either  for  surveillance  ;  jamming  or  target  designation,  it  is 
obvious  that  all  these  atmospheric  constraints  are  to  be  taken 
into  account  from  the  initial  design  of  the  UTA. 

In  addition  mission  preparation  systems  and  mission 
management  system  have  to  be  able  to  take  into  account  those 
constraints  when  defining  the  flight  path. 

If  we  only  consider  clouds  and  wind,  two  basic  parameters 
which  may  affect  the  mission,  it  is  to  be  noticed  that : 


•  in  Europe,  wind  may  reach  speed  higher  than  50  kts  in  all 
seasons  in  altitude, 

•  clouds  often  have  a  minimum  ceiling  lower  than  1000  ft, 
especially  in  winter. 


Altitude  in  ft  Typical  Wind  Profile 


Typical  wind  and  clouds  distribution 

This  means  that : 

•  a  UTA  flying  at  low  speed  (<  80  kts)  may  double  its  flight 
time  to  reach  a  way  point  if  it  meets  "usual  wind", 

•  a  UTA  equipped  with  an  electropotical  device  or  a  laser 
device  may  have  to  be  able  to  fly  at  an  altitude  lower  than 
1000  ft  even  in  a  hilly  area... 

Such  elements  may  be  important  design  drivers  both  for  the 
UTA  system  and  for  the  mission  planning  and  preparation 
system. 

5.2  Operational  constraints 

Main  characteristic  of  an  unmanned  tactical  aircraft  in 
operation  is  that  it  is  an  aircraft  working  for  a  customer. 

This  means  that  these  vehicles  will  have : 

•  to  have  the  same  kind  of  behavior  than  any  other  aircraft, 

•  to  provide  any  time  the  service  the  customer  is  expecting. 

To  achieve  such  aims,  UTA  systems  will  have  to  cope  with 
very  strict  operational  constraints. 

•  They  will  be  able  to  be  integrated  in  the  air  operation 
system : 

O  ability  to  understand  the  ATO, 

■=>  ability  to  abide  by  the  communication  plan, 

’=>  ability  to  fly  with  other  aircraft, ... 

•  They  will  be  able  to  be  integrated  in  the  battlefield 
surveillance  system : 

■=>  ability  to  understand  the  surveillance  plan, 

■=>  ability  to  follow  existing  STANAGs  for  data 
collection,  processing  and  dissemination, ... 

<=>  ability  to  interface  with  existing  C4Is, ... 
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•  They  will  create  no  additional  work  for  the  air  control  and 
coordination  units : 

ability  to  follow  air  traffic  control  requests, 

■=5“  implementation  of  IFF,  BIFF  ? 

implementation  of  voice  transmitter,  transponders, 
...  etc 

•  They  will  create  no  additional  danger  for  troops  overflown 

O  high  level  of  reliability. 

5  J  Enemy  constraints 

Last  but  not  least,  UTA  as  a  tactical  system  will  have  to  fly 
over  enemy  positions  to  fulfill  most  of  their  missions. 

Recent  operations,  such  as  Bosnia,  gave  the  opportunity  to 
test  large  and  slow  MAE  tactical  systems  such  as  US  Predator. 
But  such  a  theater,  with  air  supremacy  insured,  is  may  be  not 
the  only  reference  case  to  take  into  account  for  the  future. 

Anti  aircraft  guns  (20  mm,  23  mm,  35  mm)  or  short  range 
missiles  (Stinger,  Mistral,  SA7,  ...)  may  be  very  dangerous 
threat  for  UTA  flying  at  low  altitude  and  penetrating  the 
enemy  area. 

These  enemy  constraints  may  lead  to  consider  several  kinds  of 
UTA  depending  on  the  mission  to  be  carried  out. 

As  we  already  mentioned,  survivability  of  the  UTA  system 
may  become  a  fundamental  design  issue  if  UTA  are  used  as 
supporting  unit  to  manned  systems. 

6.  THE  MISSIONS 

6.1  Reconnaissance  missions 

Main  purpose  of  a  reconnaissance  mission  is  very  often  to 
make  an  identification  of  a  well  defined  target. 

STANAG  3769  (ref  2)  allows  us  to  get  a  better  idea  of  the 
level  of  quality  of  the  images  collected  which  allow  an 
identification  of  various  kinds  of  targets  : 


Target 

Minimum  resolution  in  m 

Bridges 

1.5 

Radar 

0.3 

Artillery  gun 

0.15 

Vehicle 

0.15 

Fighter  aircraft 

0.15 

Based  on  these  values  it  is  possible  to  evaluate  on  some 
classical  electroptical  payloads  the  maximum  distance  allowed 
to  make  a  50%  identification. 

With  an  IR  gyro  stabilized  turret  of  the  shelf  and  used  on 
surveillance/reconnaissance  UTA  we  have  got  the  following 
minimum  distances : 


With  such  a  classical  payload,  the  minimum  distance  for 
only  50  %  identification  is  therefore  less  than  2  km... 

In  order  to  perform  such  a  mission,  UTA  will  have  to  fly 
lower  than  6000  ft,  even  if  there  is  no  cloud.  This  means  that 
most  of  the  reconnaissance  missions  performed  by  UTA  will 
be  done  in  rather  dangerous  conditions. 

Survivability  of  the  UTA  or  ability  to  transmit  in  «  real  time  » 
data  gathered  in  all  conditions  will  be  of  prime  concern  for  the 
designer. 

UTA  able  to  perform  this  missions  will  have  these  basic 
qualities ; 

•  survivable  or  real  time  transmission 

•  resistant  to  meteorological  hazard 

•  low  cost, 

In  addition  it  may  be  of  high  interest  to  get  modular  systems 
able  to  be  accommodated  with  various  payloads. 

6.2  Tactical  surveillance  missions 

Tactical  surveillance  missions  can  be  splitted  in  two  main 
activities : 

•  knowing  and  understanding  of  the  enemy  maneuvers, 

•  surveillance  of  a  strategic  point. 

6.2.1  Surveillance  of  the  maneuver 

Ground  and  Airspace  surveillance  may  become  in  the  next 
decades  the  key  of  successful  military  operations. 

UTA  may  provide  data  such  as  : 

•  SAR  images, 

•  MTI  locations, 

•  ELINT  surveillance, 

•  COMINT  surveillance, 

which  will  help  Joint  Force  Commander  and  his  staff  to 
understand  and  manage  the  tactical  situation. 

To  be  efficient  these  missions  require  to  fly  for  a  long  time  at 
rather  high  altitude 

For  ground  surveillance  missions,  the  efficient  range  of 
detection  is  often  far  smaller  than  the  theoretical  geometrical 
range. 

For  Radar  based  ground  surveillance  for  instance  grazing 
angle  may  be  considered  as  directly  proportional  to  loitering 
altitude  of  the  air  vehicle. 

For  such  a  mission,  gaining  a  factor  2  in  altitude  is  roughly 
gaining  a  factor  2  on  detection  range. 


Target 

Minimum  distance  for 
50%  identification 

Bridges 

3  km 

Vehicle 

2.2  km 
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Range  as  a  function  of  grazing  angle 

For  SIGINT  missions  effect  of  the  altitude  depends  on  the 
algorithm  used  to  make  the  localization  of  the  target.  But 
altitude  has  a  positive  effect  on  the  efficiency  of  the 
surveillance  system. 

Therefore  surveillance  of  the  maneuver  needs  high  altitude 
systems.  Permanent  surveillance  is  in  addition  a  strong  asset 
and  high  altitude  long  endurance  unmanned  air  vehicles  could 
be  a  good  solution. 

For  alert,  real  time  is  needed,  but  usually  a  3  to  6  hours  delay 
in  processing  and  transmitting  the  data  is  acceptable. 

During  this  surveillance  phase,  additional  missions  may  be 
performed  in  order  to  prepare  future  operations  such  as 
FLINT  data  collection,  COMINT  data  collection,  mapping, 
...etc. 

UTA  adapted  to  this  mission  are : 

•  able  to  fly  very  high  altitude, 

•  long  endurance, 

•  highly  reliable, 

•  able  to  transport  large  payloads. 

6.2.2  Surveillance  of  a  strategic  point 

This  mission  is  mainly  a  detection  of  activity  on  a  pre¬ 
specified  point. 

It  requires  to  be  able  to  stay  for  a  long  time  over  the  same 
point  (without  being  shot  down)  and  to  be  able  to  detect  a 
predefined  activity  such  as  : 

•  troops  movement, 

•  specific  communications  use, 

•  radar  activity, 

•  aircraft  take  off... 

Real  time  is  often  needed  for  these  missions. 

Main  characteristics  of  the  air  vehicle  are : 


Unmanned  systems  may  provide  a  very  efficient  support  to 
manned  operations,  in  particular  by  performing  the  most 
hazardous  parts  of  the  missions. 

A  good  illustration  of  such  a  cooperation  is  a  combined 
manned  /  unmanned  mission  in  the  scope  of  a  SEAD  mission 
(Suppressed  Enemy  Air  Defense). 

Manned  aircraft  are  often  penetrating  the  enemy  area  at  high 
speed  and  low  altitude.  An  automatic  system  could  provide  a 
efficient  support  by  flying  at  higher  altitude  and  making  the 
SIGINT  warning  mission  for  the  manned  aircraft. 

Other  cooperation  could  be  found  with  laser  designation  of  a 
target  for  manned  aircraft  firing  their  weapons  fi'om  a  stand 
off  position. 


For  all  these  missions,  there  is  a  very  difficult  compromise  to 
find  between  three  requirements : 

•  UTA  has  to  make  the  most  dangerous  part  of  the  mission 
and  may  be  lost  rather  often, 

•  UTA  are  to  stay  affordable  (low  cost), 

•  UTA  are  to  be  reliable  in  their  missions  as  the  success  of 
the  manned  mission  may  be  based  on  its  survivability. 

As  most  of  these  missions  are  pre-planned  missions  defined  in 
the  ATO,  and  coordination  between  manned  and  unmanned 
system  will  be  insured  directly  in  the  CAOC,  this  problem 
may  be  solved  by  using  a  new  kind  of  UTA. 

These  UTA  would  have  the  following  basic  requirements : 

•  payload  limited  to  a  single  tactical  payload, 

•  highly  survivable  and  reliable, 

•  able  to  fly  the  same  speed  than  the  combat  aircraft, 

•  able  to  be  operated  simultaneously  to  manned  aircraft. 

7.  SOME  EXAMPLES  OF  UTA 

The  purpose  of  this  chapter  is  not  to  make  a  catalog  of  all  the 
UTAs  able  to  perform  the  missions  we  described  just  before. 

We  will  only  illustrate  with  some  examples  developed  by 
Aerospatiale  or  some  other  companies  the  various  categories 
of  UTAs  that  we  pointed  out  and  try  to  show  their  main 
characteristics  for  missions  such  as  the  ones  described  in  this 
paper 

7. 1  Rapid  air  vehicles 

First  class  to  be  described  are  vehicles  specifically  developed 
to  survive  in  a  rather  hostile  environment. 

They  are  small  and  they  fly  at  rather  high  speed  (about  Mach 
0,8)  at  low  altitude. 


•  long  endurance, 

•  low  observability, 

•  highly  survivable, 

•  highly  reliable. 

6  J  Support  missions 


As  they  are  not  autonomous  for  take  off  and  landing  they 
often  requires  a  rather  heavy  man  power  to  maintain  them 
operational. 

They  operational  characteristics  allow  them  to  perform  rather 
dangerous  missions  with  a  good  chance  of  coming  back. 
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7.1.1  The  Firebee 

The  Firebee  from  Teledyne  Ryan  is  the  first  automatic  vehicle 
which  have  been  used  intensively  in  operations  for 
reconnaissance  purposes. 

It  performed  about  3500  operational  flights  mainly  over 
Vietnam  from  1965  to  1975  (ref  3). 

One  of  these  vehicles  "Tomcat"  managed  to  perform  68 
"combat"  flights. 

Firebee  was  mainly  used  in  reconnaissance  missions  without 
data  link. 

7.1.2  The  CL  289 

The  "CL289"  has  been  initially  developed  by  Canadair.  A 
version  developed  with  DASA/Domier  (for  Germany)  and 
Aerospatiale  (for  France)  is  now  operational  in  Germany  and 
France. 

The  "CL  289"  has  been  used  by  France  and  Germany  in 
Bosnia  to  verify  Daytona  treaty  application  . 


This  system  demonstrated  its  capability  of  gathering  very 
good  photography  even  in  rather  difficult  meteorological  and 
operational  conditions. 


The  CL  289  in  the  French  Army 


7.1.3  The  BQMI45. 

The  "BQM  145"  is  a  program  leaded  by  Teledyne  Ryan  for 
the  US  Joint  Program  Office  (JPO).  The  programme  was 
known  as  «  Medium  Range  UAV  ». 

This  vehicle  (Ref  3)  either  ground  launched  or  air  launched, 
5.4  m  long  and  3.3  m  span,  able  to  fly  up  to  Mach  0.8,  is  a 
good  illustration  of  a  rapid,  penetrating  reconnaissance  UTA. 

Program  started  in  1989  but  has  not  been  achieved  due  to 
budget  restrictions...  It  was  cancelled  in  November  1993,  but 
some  additionnal  flight  tests  finally  took  place  in  1996. 

7.2  Medium  Altitude  Long  Endurance 

Medium  altitude  endurance  systems  are  the  new  fashionable 
systems  for  tactical  and  operational  intelligence. 

They  have  the  unique  capability  of  maintaining  a  very  long 
surveillance  over  a  pre  defined  area. 


They  are  operated  as  aircraft  from  a  classical  runway  and  a 
huge  effort  is  made  in  order  to  make  them  interoperable  with 
other  UTA  or  with  manned  aircraft. 

These  vehicles  are  more  and  more  numerous.  Some  of  them, 
such  as  Predator  has  been  used  in  operations  in  order  to 
validate  the  concept. 

7.2.1  TR4I0 

TR  410  from  Teledync  Ryan  is  the  first  MAE  vehicle  which 
flown  in  1988. 

It  has  been  designed  on  the  basis  of  the  know  how  of 
Teledyne  Ryan  but  with  no  military  specifications. 

The  aircraft  (ref  3)  is  mainly  designed  to  insure  the  robustness 
of  the  system  : 

•  small  span  (less  than  1 0  m), 

•  easy  deployment  (2  men), 

•  high  speed  (up  to  1 40  kts), 

•  high  wing  loading  (>  100  kg/m’). 

and  not  only  for  endurance. 


Its  endurance  is  limited  to  about  1 7  h. 


The  TR  410  by  Teledyne  Ryan 


7.2.2  The  Predator 

The  "Predator"  developed  by  General  Atomics  (USA)  is  the 
better  known  of  the  MAE  systems. 

This  14,4  m  span  UTA  is  the  first  ACTD  carried  out  by 
DARPA.  It  illustrates  the  new  generation  of  Unmanned  Aerial 
systems  designed  for  surveillance  purpose.  Its  is  able  to  loiter 
during  about  40  h  at  65  kts  with  a  200  kg  payload. 

It  has  been  deployed  for  operational  tests  in  Bosnia.  These 
tests  (Ref  4)  demonstrated  the  advantages  and  drawbacks  of 
such  a  solution. 

Advantages  arc  : 

•  High  endurance, 

•  Large  payload  capacity, 

•  Real  time  interactive  reconnaissance. 

Efrawbacks  are : 

•  High  sensitivity  to  meteorology, 

•  Airspace  integration  capabilities, 

•  Vulnerability  at  low  altitude, 

•  Image  quality  for  reconnaissance  purpose. 
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The  system  is  still  in  development  and  should  be  operational 
before  the  turn  of  the  century. 

1.23  The  Heron 

The  Heron  has  been  developed  by  lAI  since  1992  (Ref  4). 

It  got  a  endurance  record  with  more  than  53  h  without 
payload. 

This  system  is  very  similar  to  the  Predator  in  term  of : 

•  payload  mass, 

•  endurance, 

•  loitering  speed. 

7.3  High  Altitude  Long  Endurance 

High  Altitude  Long  Endurance  systems  are  well  known  now 
with  all  the  communications  made  by  the  US  about  the  Global 
Hawk  and  Dark  Star  programs. 

But  USA  actually  began  working  on  this  concept  in  the  60’s 
with  the  Compass  Arrow  then  the  Compass  Cope  programs. 

In  the  80’s,  Boeing  was  chosen  to  lead  the  Condor  Black 
Program.  Condor  is  a  very  large  aircraft  (61  m  of  span,  about 
10  tons  of  MTOW).  It  performed  a  flight  of  58  h  up  to 
16.8  km  of  altitude  in  1988. 

With  the  new  run  up  DARPA  seems  to  give  to  the  unmanned 
systems  for  military  applications,  this  High  Altitude  Long 
Endurance  concept  seems  to  have  a  large  chance  of  being  one 
of  the  main  tool  for  data  collection  over  large  areas  in  the  next 
decades. 

7.3.1  The  Global  Hawk 

Global  Hawk  developed  by  Teledyne  Ryan  is  a  large  aircraft 
of  about  1 1  tons  of  MTOW  and  a  36  m  span.  It  is  able  to  fly 
up  to  65000  ft  during  more  than  40  hours. 

First  flight  should  occur  by  the  fall  of  1 997. 

The  system  has  been  mainly  designed  for  real  time 
surveillance  of  a  large  area  from  continental  US  : 

•  it  has  a  large  endurance  (up  to  40  h)  at  high  altitude 
(65000  ft), 

•  it  flies  at  high  speed  (about  650  km/h), 

•  it  carries  a  large  payload  combining  a  powerful  Satcom 
and  a  S  AR  radar  and  a  EO/IR  sensor. 


The  Global  Hawk  by  Teledyne  Ryan 

7.3.2  TheSarohale 

Aerospatiale  has  been  working  since  1993  on  HALE  concept. 


Vehicle  which  seems  to  be  the  best  compromise  for  a 
European  theater  is  about  half  the  scale  of  the  US  Global 
Hawk. 


MTOW: 

Span : 

Payload  mass : 
Ceiling : 

Cruise  speed :  > 


5.5  to  6  tons 
about  25  m 
about  500  kg 
>  60000  ft 
km/h 


600 


Technologies  are  mature  enough  to  consider  that  such  an 
airplane  could  be  developed  in  about  3  years. 


The  SAROHALE  by  Aerospatiale 
8  SOME  CONCEPTS  OF  OPERATION 

Main  drivers  to  use  UTA  in  operations  are : 

•  their  ability  of  being  easily  integrated  in  the  air  and 
intelligence  operations, 

•  the  Command  and  Control  architecture  which  have  to 
consider  a  man  decision  in  most  of  the  missions. 

8.1  Integration  in  the  operations 

Its  has  been  mentioned  before  that  integration  in  the  Air  and 
Intelligence  operations  was  one  of  the  keys  of  success  for 
unmanned  aerial  systems. 

This  integration  has  to  be  taken  into  account  from  the  very 
preliminary  design  phase. 

One  of  the  main  purposes  of  the  Predator  tests  in  Bosnia  was 
the  integration  in  air  operations  (Ref  4). 

In  addition,  it  seems  more  and  more  evident  that  for  peacetime 
operations  UTAs  will  have  to  be  proven  safe  for  the  civilian 
population. 

Therefore  in  a  next  future  we  can  assume  that  UTA  will  have : 

•  to  be  "certified"  in  order  to  prove  they  safety, 

•  to  be  operated  as  a  manned  aircraft, 

•  to  introduce  no  additional  constraints  for  the  air  traffic 
control  and  coordination, 

•  to  be  interoperable  within  the  existing  C4I  systems. 

8.2  Command  and  Control  architecture 

Unmanned  systems  used  in  combination  with  manned  systems 
will  have  to  be  able  to  abide  by  internal  structures  and  rules  of 
existing  C4I. 

For  instance,  a  UTA  used  to  support  an  air  operations  in  order 
to  make  target  designation  will  probably  not  be  allowed  to 
perform  this  mission  fully  automatically. 
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A  man  will  have  to  be  in  the  loop  in  order  to  validate  the 
target  and  to  avoid  any  collateral  effect. 

An  other  example  could  be  a  UTA  in  an  ELINT  mission 
supporting  a  SEAD  mission.  In  such  a  case  it  could  be  of 
interest  to  use  directly  link  16  tactical  data  link  to  transmit  a 
alert  or  a  threat  location. 

Actually,  such  a  direct  use  of  a  tactical  data  link  by  a  UTA 
will  not  be  seen  before  several  decades  as  only  validated 
tracks  are  supposed  to  be  transmitted  by  this  means.  That  is  to 
say  that  the  tracks  have  to  be  validated  by  an  authorized 
person  before  any  dissemination. 

These  two  examples  illustrate  once  more  why  It  Is  still 
mandatory  to  take  Into  account  the  role  of  man  as  a  key 
design  parameter  of  unmanned  systems. 

9  CONCLUSION 

Technology  will  allow  the  emerging  in  the  next  decades  of  a 
large  set  of  UTAs  on  the  battlefield. 

Some  of  them  will  be  used  for  lethal  missions,  but  in  a  first 
step  most  of  them  will  probably  be  used  for  reconnaissance, 
surveillance,  intelligence  and  support  missions. 

Their  capabilities  of  gathering  real  time  data  and  of  operating 
in  very  dangerous  areas  and  /  or  for  very  long  periods  will 
open  a  new  age  in  data  collection  on  the  battlefield. 

Used  for  the  benefit  of  Joint  Force  Commander  or  in  air 
operations,  they  will  modify  the  way  of  conducting  operations 
of  the  future. 

They  will  become  a  key  element  of  the  future  battlefield. 

Nevertheless  a  difficult  compromise  will  have  to  be  found 
between  cost,  efficiency  and  survivability. 
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SUMMARY 

The  paper  presents  interim  results  of  a  technology 
feasibility  study  of  an  unoccupied,  armed,  reusable,  semi- 
autonomous  air  weapon  system —  the  Highly  Maneuverable 
Lethal  Vehicle  (HMLV).  The  HMLV  concept  that  is 
currently  being  studied  nominally  has  the  following 
characteristics: 

1 .  Acceleration  capability  greater  than  that  of  any 
manned  aircraft 

2.  Sensors,  sensor  processing,  automatic  target 
recognition  algorithms  and  reasoning/decision-making 
algorithms  to  allow  it  to  operate  almost  completely 
autonomously 

3  .  A  variable-bandwidth,  jam-resistant  data-link  to 
communicate  images  to  an  offboard  controller 

4,  Lightweight,  inexpensive,  but  precision  guided 
and  highly  lethal,  weaponry  to  prosecute  air  and  surface 
targets 

5.  Airborne  refueling  capability 

The  study's  goal  is  to  examine  applicable  technologies  and 
determine  where  they  are  lacking  so  that  research  funding 
can  be  properly  focused. 

Interim  results  indicate  that 

1 .  High-g  airframes  can  be  built  (range  and  loiter 
capability  for  these  airframes  may  be  an  issue). 

2.  Turbojet  engines  that  can  withstand  the  high-^’ 
environment  can  be  built. 

3.  Sensor  and  signal-processing  research  is 
progressing  at  a  rate  that  will  produce  sufficient  capability 
in  the  near  future. 

4.  The  high-,?  capability  of  the  HMLV,  combined 
with  a  simple  infrared  countermeasure,  will  allow  it  to 
evade  most  threat  missiles, 

5.  Advances  in  computational  algorithms,  including 
ATR,  will  be  required. 

Distribution  authorized  to  DOD  and  DOD  contractors  only; 
critical  technology;  25  October  1996.  Other  requests  for 
this  document  shall  be  referred  to  the  Naval  Air  Warfare 
Center  Weapons  Division.  This  is  an  informal  report  of 
the  Naval  Air  Warfare  Center  Weapons  Division  and  is  not 
part  of  the  permanent  records  of  the  Department  of  Defense. 


INTRODUCTION 

Unmanned  aerial  vehicles  (UAVs)  and  remotely  piloted 
vehicles  (RPVs)  have  been  fielded  successfully  for  decades. 
The  use  of  armed,  unmanned  platforms  of  various  types  has 
also  been  widely  explored,  but,  to  date,  no  really  viable 
concept  has  been  fielded,  both  for  political  and 
technological  reasons. 

Now,  however,  the  technology  to  support  very  capable 
armed,  unmanned,  reusable,  and  semi-autonomous  air 
vehicles  (referred  to  as  uninhabited  combat  air  vehicles  or 
UCAVs)  is  becoming  available.  The  political  acceptance 
of  such  vehicles  is  changing  as  well.  The  Navy,  Air  Force, 
Army,  Defense  Advanced  Re.search  Projects  Agency 
(DARPA),  National  Aeronautics  and  Space  Administration 
(NASA),  and  private  industry  are  all  investigating  issues 
associated  with  the  use  of  UCAVs  to  accomplish  various 
war-fighting  missions. 

This  paper  presents  the  interim  results  of  a  current  study  of 
one  UCAV  variant  called  the  Highly  Maneuverable  Lethal 
Vehicle  (HMLV).  The  study  is  being  conducted  at  the  Naval 
Air  Warfare  Center  Weapons  Division  (NAWCWPNS), 
China  Lake,  California,  and  is  funded  by  the  Office  of  Naval 
Re.search  (Mr.  Dave  Siegel,  ONR-351). 

This  study  is  an  outgrowth  of  recognizing  that,  because  of 
advanced  foreign  systems,  it  may  become  very  difficult  for 
the  United  States  to  develop  aircraft  and  air-to-air  missiles 
(AAMs)  that  maintain  its  superiority  in  air  combat  in  the 
future.  The  state  of  the  art  in  manned  fighters  combined 
with  AAMs  is  reaching  a  high  level  for  both  sides.  To 
maintain  air  superiority  in  the  future,  new  approaches  are 
needed. 


WARNING — This  document  contains  technical  data 
whose  export  is  restricted  by  the  Arms  Export  Control  Act 
(Title  22,  U.S.C.,  Sec  2751  et  seq.)  or  the  Export 
Administration  Act  of  1979,  as  amended,  Title  50,  U.S.C., 
app.  2401  et  seq.  Violations  of  these  export  laws  are 
subject  to  .severe  criminal  penalties.  Disseminate  in 
accordance  with  provisions  of  DOD  Directive  5230.25. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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This  recognition  led  to  the  consideration  of  an  unmanned 
vehicle  that  exploits  the  fact  that  higher  accelerations  (and 
onset  rates)  can  he  achieved  when  no  human  is  present 
Once  this  approach  was  decided  upon,  the  next  questions 
became:  "For  what  other  missions  and  roles  can  such  a 
vehicle  be  used  and  what  arc  the  characteristics  that  such  a 
vehicle  must  have  to  perform  the  desired  missions  and 
roles?"  This  resulted  in  the  current  .study. 

The  goal  of  the  study  is  to  determine  the  states  of  the  arts  of 
the  various  technology  fields  applicable  to  the  concept  and 
find  out  where  they  arc  lacking  so  that  re.scarch  funding  can 
be  properly  focused  in  order  to  make  the  fielding  of  an 
HMLV  feasible. 

To  reach  this  goal,  the  study  is  addressing  HMTV  missions 
and  roles  and  the  vehicle  characteristics  required  to  perform 
those  missions  and  roles.  Vehicle  characteristics  are  being 
determined  at  a  fairly  high  level.  It  woulti  be  inappropriate 
in  this  feasibility  study  to  attempt  to  determine  exactly  any 
of  the  vehicle's  characteristics  or  to  attempt  to  specify  an 
HMLV  design. 

The  study  considers  only  the  technical  feasibility  of 
building  and  operating  single  vehicles  and  operating  them 
independently  of  other  assets.  Therefore,  some  important 
issues  a.ssociated  with  HMIV  operations  arc  not  being 
addressed  by  the  current  study: 

1 .  The  use  of  offboard  sensors.  The  capability  of  an 
HMLV  would  be  greatly  increased  by  using  information 
obtained  by  offlward  sensors,  such  as  Joint  Surveillance 
and  Target  Attack  Radar  System  (.LSTARS).  satellites,  and 
other  UAVs,  but  this  study  addresses  only  the  capability 
that  can  be  attained  with  onboard  sensors 

2.  Mixed  operations  with  manned  aircraft  HMLV- 
type  vehicles  could  play  a  significant  role  when  used  in 
conjunction  with  manned  fighter  or  attack  aircraft,  but 
several  issues  must  be  resolved  befi'rehand,  such  as  safety 
and  degree  of  control.  This  subject  is  beyond  the  scope  of 
the  current  study. 

3.  The  use  of  several  HMI.Vs  together.  The  authors 
believe  that  the  real  strength  of  HMLVs  will  be  realized 
when  they  arc  operated  in  groups  of  several  vehicles  One 
can  envision  the  group  exchanging  sensor  infonnation  and 
planning  a  coordinated  attack,  with  each  vehicle  having 
thorough  knowledge  of  what  each  group  member  is  going 
to  do  and  when.  At  that  point  the  group  truly  becomes  what 
might  be  called  a  distributed  weapon  system. 

This  paper  reports  on  key  areas  that  are  the  focus  of  the 
cunent  study  and  reflects  the  fact  that  the  current  research 
concentrates  on  naval  applications  of  the  HMLV. 
However,  it  will  be  clear  to  the  reader  that  these  vehicles 
could  play  a  significant  role  in  missions  conducted  by 
other  services.  Finally,  it  must  be  emphasized  that  these 
results  arc  of  an  interim  nature  in  a  quickly  evolving  field 
and  are  subject  to  modification. 


GENERAL  HMLV  CHARACTERISTICS 

To  begin  the  study,  it  was  necessary  to  generally  define  the 
type  of  vehicle  on  which  to  focus.  To  this  end,  a  vehicle 
with  the  following  general  characteristics  was  envisioned: 

1 .  Unmanned 

2  .  Recoverable  and  reusable 

3.  Maneuver  capability  exceeding  that  of  any 
manned  aircraft  and  sufficient  to  evade  advanced  air 
intercept  missiles 

4.  A  level  of  autonomy  similar  to  that  used  by 
manned  fighter  or  attack  aircraft  being  controlled  by  an  air 
control  aircraft  (e  g..  AWACS,  n-2r)  in  that  it  accepts 
high-level  commands  but  performs  moment-by-moment 
decision  making  and  actions  independent  of  human 
intervention  (Importantly,  there  is  no  joystick  control.) 

5.  Sensors  fi)r  inbound  threat  missile  detection  and 
targeting 

6.  Advanced  computational  capabilities  to  support 
onboard  automatic  target  recognition  (ATR)  and  decision¬ 
making  algorithms  that  are  capable  of  providing  the 
re(]uired  level  of  autonomy 

7.  A  variable  bandwidth  data-link  to  communicate 
targeting  information  to  and  receive  commands  from  an 
offl'oard  commander  (One  important  command  that  must  be 
highly  resistant  to  jamming  and  spoofing  is  the  yes  or  no 
response  by  the  commander  to  the  vehicle's  re<iuest  to 
engage  an  object  that  it  considers  to  be  a  target.) 

8.  Weaponry  for  fighter  and  attack  roles  (Note  that 
the  weaponry  is  probably  rc<|iiired  to  be  lightweight  to  be 
compatible  with  the  vehicle's  maneuverability 
requirements  ) 

9.  Air-rcfuelable 

Tlicse  were  determined  to  be  the  most  important  vehicle 
characteristics  As  part  of  the  study,  these  vehicle 
characteristics  are  being  more  accurately  determined  and 
others  are  being  specified  as  necessary. 

AI)VANTAGE.S  OE  AN  HMLV 

If  a  vehicle  with  the  previously  listed  characteristics  can  be 
fielded,  it  will  have  a  revolutionary  impact  on  the  way 
future  wars  are  fought  In  particular,  the  following  war- 
fighting  advantages  are  readily  apparent: 

1.  It  would  have  an  ability  to  evade  most  threat 
missiles  using  its  ability  to  achieve  high  acceleration. 

2.  It  could  have  a  very  high  exchange  ratio  against 
manned  aircraft  using  its  ability  to  achieve  high 
acceleration 

3  .  The  loss  of  an  HMLV  would  not  result  in  the  death 
of  a  pih't  or  any  pris<'ners  of  war. 

4.  It  can  perform  extended  duration  missions  on  the 
order  of  days  or  weeks  by  being  air-refuelable  and 
unmanned  This  would  allow  it  to  loiter  in  an  area  and  be 
ready  to  engage  time-critical  targets  at  a  moment's  notice. 

5.  It  has  consistent  effectiveness,  shorter  reaction 
times,  and  the  ability  to  handle  a  great  deal  of  information 
without  overload  because  of  the  sophisticated 
computational  capability  it  possesses. 


4-3 


6 .  It  may  weigh  and  cost  less  than  similar  manned 
systems  as  a  result  of  the  lack  of  human  support  equipment 
such  as  an  ejection  seat,  displays,  etc.* 

7.  It  would  allow  mission  options  that  are  not 
acceptable  for  manned  systems  such  as  one-way  missions 
where  the  target  is  very  deep  in  enemy  territory  and  air¬ 
refueling  is  not  a  possibility  or  where  the  target  is  so 
heavily  defended  that  it  is  unlikely  that  any  attacker  would 
be  able  to  survive. 

It  is  important  to  note  that  an  HM1.-V  with  the  general 
characteristics  outlined  will  probably  not  be  lightweight  or 
inexpensive.  On  the  contrary,  for  an  HMLV  to  carry  out 
certain  naval  war-fighting  missions,  it  is  likely  that  the 
vehicle  will  be  very  sophisticated,  complex,  and 
reasonably  large  and  heavy,  perhaps  as  large  and  heavy  as  a 
manned  fighter  or  attack  aircraft.  An  individual  HMLV  may 
cost  as  much  as  a  manned  fighter  or  attack  aircraft.t 

However,  there  are  opportunities  for  significant  cost 
savings  a.ssociated  with  the  operations,  maintenance,  and 
support  of  these  types  of  vehicles.  These  savings  are  all 
related  to  the  fact  that  the  vehicles  rarely  need  to  be  flown, 
except  when  conducting  real  missions  in  actual  crisis 
situations.  With  manned  aircraft,  almost  all  of  the  flying 
hours  are  associated  with  training.  With  HMLVs,  they  can 
be  stored  in  sealed  containers  within  the  ship  until  they  are 
needed.  There  is  no  need  to  fly  them  to  train  pilots, 
becau.se  there  are  no  pilots.  Training  of  controllers  can  be 
performed  almost  exclusively  by  simulation. ^ 

Some  of  the  reasons  that  cost  savings  are  possible  are 

1 .  Fewer  vehicles  are  lost  or  damaged.  Vehicles  will 
not  be  lost  or  damaged  during  training.  Fewer  spare 
vehicles  will  be  required. 

2.  Less  maintenance  and  repair  is  required. 
Maintenance  and  repair  a.ssociated  with  training  missions 
will  be  eliminated. 

3 .  Carrier  operations  can  be  reduced.  If  HMLVs  are 
deployed  as  part  of  a  carrier  airwing,  then  all  of  the  ship's 
systems  associated  with  airwing  operations  will  be  used 
less  often  because  of  the  reduction  in  training  flights, 
reducing  the  maintenance  and  repair  costs  of  those  ship 
systems. 


This  may  be  offset  by  an  increase  in  the  amount  of  sensor 
and  computer  capability  that  will  be  required, 
t  It  has  been  argued  that  an  HMLV  might  be  less  expensive 
because  it  will  not  be  required  to  be  man-rated.  The  authors 
believe  that  it  is  not  readily  apparent  that  this  would  be  the 
case,  because  the  vehicle  might  be  required  to  conduct 
operations  in  conjunction  with  and  very  near  to  manned 
aircraft.  Furthermore,  it  may  be  required  to  land  at  airfields 
within  heavily  populated  areas  or  on  the  decks  of  aircraft 
carriers. 

i  Some  vehicles  will  need  to  be  used  when  conducting 
exercises  involving  manned  systems. 


4.  Fewer  maintenance  personnel  are  required. 
Because  the  vehicles  will  be  used,  maintained,  and  repaired 
less  often,  the  number  of  personnel  needed  to  perform  these 
tasks  will  be  reduced. 

5.  Weaponry  is  less  expensive.  Because  of  its 
higher  agility,  the  vehicle  may  have  a  high  probability  of 
survivable  even  in  well  defended  areas.  This  could  allow  it 
to  launch  its  weapons  very  close  to  its  targets  and, 
therefore,  allow  it  to  achieve  high  success  rates  even  with 
relatively  simple,  very  short-range  and  inexpensive 
weapons. 

While  there  are  many  potential  advantages  to  fielding  an 
HMLV,  there  are  also  some  significant  challenges 
associated  with  trying  to  replace  the  capabilities  that  are 
lost  when  the  weapon  system  has  no  onboard  pilot  or 
weapon  systems  operator.  Most  importantly,  the  crew's 
eyes  and  brains  form  a  visual  sensor  and  robust  signal¬ 
processing  and  target-recognition  system.  Hie  crew's 
brains  also  provide  an  advanced  reasoning  and  decision¬ 
making  capability  that  allows  them  to  make  generally 
rea.sonable  decisions,  even  in  situations  that  the  crew  may 
have  never  experienced  before.  Replacing  these 
capabilities  provided  by  the  crew  will  test  the  state  of  the 
art  in  computer  technology,  including  architecture,  speed, 
memory,  and  algorithms. 

MISSIONS  AND  ROLES 

Missions,  roles,  and  scenarios  for  use  in  analyzing  HMLV 
conceptual  design  characteristics  have  been  defined. 
Details  are  reported  in  Palfalvy^^).  A  wide  range  of  Navy 
missions  and  roles  was  examined  to  arrive  at  the  primary 
roles  to  be  used  for  the  cuirent  study.  Selection  of  the 
primary  roles  was  based  on  need,  potential  for  future 
shortfall,  suitability  to  an  HMLV-type  vehicle,  and 
suitability  to  single  vehicle  operations. 

Ba.sedon  the.se  criteria,  the  following  were  selected  as  the 
primary  roles  to  be  examined  as  part  of  this  study: 

1 .  Air-to-air  versus  fighter-type  aircraft 

2 .  Attack  of  soft  surface  targets 

3 .  Tactical  ballistic  mi.ssile  (TBM)  boost 
pha.se  intercept 

4 .  Forward  fire  control 

Since  Palfalvy(^)  has  been  published,  lethal  suppression  of 
enemy  air  defen.ses  (SEAD)  has  been  identified  as  another 
mission  for  which  an  HMLV  is  well  suited.  This  mission 
will  be  included  in  the  next  revision  of  Palfalvy(^). 

For  each  selected  role,  test  case  scenarios  were  defined.  The 
test  case  scenarios  that  complement  the  primary  roles 
delineate  a  set  of  scenarios  that  allow  some  of  the  most 
important  characteristics  of  the  HMLV,  such  as  maneuver 
and  loiter  capability,  to  be  tested  in  relative  isolation.  In 
developing  the  test  ca.se  scenarios,  reasonable — but  not 
extremely  advanced — threat  capabilities  were  assumed. 
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It  is  important  to  note  that  the  goal  of  testing 
characteristics  in  isolation  has  necessarily  led  to  scenarios 
that  are  very  simple  at  the  expense  of  operational  realism. 
This  was  done  intentionally  to  make  it  easier  to  determine 
the  fundamental  technical  strengths  and  weaknesses  of 
various  HMLV  designs  and  also  to  provide  a  crude  filter  for 
the  candidates  (i.e.,  if  an  IIMLV  design  cannot  he 
successful  in  the  simple  test  case  scenarios,  then  it  cannot 
be  successful  in  similar  but  more  complicated  and  realistic 
scenarios).  Later,  when  it  is  determined  that  certain  HNfl.V 
designs  can  successfully  perfonn  their  missions  in  the  test 
case  scenarios,  then  their  performance  in  more  realistic 
•scenarios  will  be  explored. 

MANEUVERABILITY  AND  COUNTERMEASURE.S 

Analysis  was  performed  to  determine  the  amount  of 
maneuver  capability  required  to  evade  air-to-air  missiles 
and  whether  some  form  of  countermeasure  would  also  be 
required.  High-fidelity  simulations  of  several  existing 
missiles  were  used  to  assist  with  this  part  of  the  study. 

The  analysis  first  focused  on  three  aspects  of  the  IlMLV's 
maneuver:  (1)  maximum  maneuver  capability  (maximum 
fiH,  measured  in  gravity  units  (^’s)).  (2)  the  time  required  to 
achieve  the  maximum  ,1,'s  (onset  rate,  measured  in  gravity 
units  per  second  {fjs/scc)),  and  (3)  maneuver  start  time 
(measured  in  seconds  before  intercept). 

The  analysis  showed  that  most  current  air-to-air  missiles 
can  be  evaded,  but  advanced  missiles  with  infriu'cd  (IR) 
seekers  cannot  be  evaded  without  using  maximum  jgs  on  the 
order  of  about  30  ,i;s.  However,  even  if  the  HMl.V  is 
capable  of  achieving  30  j^'s,  the  authors  believe  that 
missiles  with  sufficient  maneuver  capability  to  intercept 
the  HMI,V  could  be  built.  Such  missiles  probably  do  not 
exist  now  only  because  that  level  of  capability  has  never 
been  required.  Also,  it  is  probably  less  expensive  and 
technologically  demanding  to  build  missiles  that  can 
achieve  high-g  levels  than  it  is  to  build  HMLVs  that  can 
evade  them. 

Because  of  this,  the  study  considered  the  use  of  some  form 
of  countermeasure  to  supplement  the  HMLVs  maneuver  to 
attempt  to  defeat  advanced  missiles.  A  fairly  simple  IR 
countermeasure  that  would  blind  (i.e.,  deny  information  to) 
the  missile  seeker  just  before  intercept  was  envisioned  It 
was  postulated  that  if  such  a  countenneasure  could  be 
constructed  and  if  the  employment  of  this  countermeasure 
could  be  coordinated  with  the  start  of  the  HMLVs  maneuver, 
then  the  vehicle  could  avoid  the  intercept. 

Many  computer  runs  were  generated  by  varying  the  start 
time  and  the  duration  of  the  countermeasure  along  with  the 
maximum  onset  rate  and  maneuver  start  time.  An 
advanced  IR  missile  was  used  as  the  threat.  The  data 
generated  by  these  runs  indicated  that  if  the  HMl.V  could 
attain  maximum  of  LS  to  20  an  onset  rate  of  greater 
than  25  gs/sec,  and  the  countenneasure  was  started  about 


0.2  second  after  the  start  of  the  maneuver  and  had  a  duration 
of  about  0.3  second,  then  an  advanced  IR  missile  could  be 
evaded  Furthermore,  the  length  of  the  interval  for 
successful  evasion  was  about  0.6  second.  Initiation  of  the 
necessary  maneuver  within  this  interval  is  possible  if  the 
HMl.V  can  measure  the  range  of  the  missile  within  about 
±500  feet  and  the  range  rate  of  the  missile  within  about 
±400  f/.s.§ 

AIRFRAME 

An  investigation  aimed  at  obtaining  rough  size  and  weight 
estimates  for  an  HMl.V  is  under  way.  Tliis  investigation  is 
being  conducted  with  the  assistance  of  the  aircraft 
synthesis  (ACSYNT)  model.  The  following  parameters 
were  used  as  design  constraints  to  initialize  ACSYNT: 

1  .  Instantaneous  acceleration  of  20  ^js  at  30  Kft  and 
0.95  Mach 

2.  Sustained  acceleration  of  6  .gs  at  30  Kft  and  0.9 
M  ach 

3.  Avionics  weighing  1000  lb  and  1000  lb  of 
weaponry 

4.  A  mission  consisting  of  150  iimi  flyout,  2  hours 
of  loiter,  1.5  minutes  of  combat,  and  150  nmi  return  to 


With  these  constraints  ACSYNT  was  exercised  with  each  of 
three  airframe  types  (conventii'iial.  canard,  and  delta). 
Both  internal  and  external  carriage  of  weaponry  were 
considered  The  conventional  configuration  was 
determined  to  be  the  best  by  a  small  margin.  Internal 
carriage  of  weaponry  was  shown  to  be  feasible.  ACSYNT 
converged  on  an  external  carriage  vehicle  with  a  gross 
take-off  weight  of  about  16.000  Ih.  The  vehicle's  length  is 
35  ft  and  its  span  is  approximately  32  ft.  It  contains  5450 
lb  of  fuel  at  takeoff. 

Further  analysis  will  be  performed  to  detennine  if  a  mission 
with  a  longer  duration  and  range  can  be  accomplished  by 
relaxing  the  instantaneous  acceleration  requirement  while 
perhaps  increasing  the  sustained  acceleration  requirement. 
Also,  excursions  will  be  conducted  to  see  if  more  weaponry 
can  be  carried 

TURBO.IET  ENGINES 

An  investigation  into  the  ability  of  turbojets  Ui  operate  in 
environments  of  high  accelerations  has  been  conducted. 
The  results  of  the  investigation  are  based  on  an  extensive 
literature  search  and  numerous  intciA'iews  with  experts  from 
most,  if  not  all.  of  the  major  turbojet  engine  design  and 


§  There  are  other  combinations  of  range  and  range  rate 
measurement  accuracies  that  allow  the  HMLV  to 
successfully  evade  the  missile. 

This  is  a  very  minimal  mission.  The  impact  of  extending 
the  mission  duration  and  range  will  be  explored  as  part  of 
this  research. 
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manufacturing  companies.  Details  of  this  investigation 
can  be  found  in  Burgner(^). 

The  investigation  showed  that  current  technology  can 
support  the  design  and  construction  of  turbojet  engines 
capable  of  operating  in  environments  of  up  to  20  gs  of 
acceleration.  Strengthening  of  structures  and  bearings  will 
be  required.  Any  design  will  be  required  to  consider  that 
some  components  of  the  engine  will  probably  undergo 
significant  deformation  during  maneuvering.  Also,  extra 
emphasis  will  have  to  be  placed  on  seal  design  to  ensure 
that  the  seals  function  properly  during  maneuvers. 
However,  it  was  concluded  that  the  development  of  a  new 
turbojet  engine  for  an  HMLV  application  would  be  no  more 
costly  than  the  development  of  an  ordinary  turbojet  engine 
for  a  modern  manned  fighter  aircraft. 

SENSORS 

The  sensor  suite  is  an  important  part  of  the  HMLV.  The 
sensors  must  detect,  track,  and  estimate  the  time  of  arrival 
of  missiles  that  threaten  the  vehicle.  They  must  also  be 
able  to  detect,  acquire,  and  track  air  and  surface  targets 
(possibly  in  different  types  of  weather  conditions,  a  certain 
amount  of  ob.scuration,  and  darkness).  The  sensors  must 
perform  these  ta.sks  with  enough  accuracy  and  resolution  to 
support  ATR  algorithms  for  preliminary  target  sorting  and 
to  support  communication  of  candidate  target  images  with 
an  offboard  commander  for  final  target  selection  and  a 
firing  decision. 

Research  in  this  area  is  just  beginning.  It  is  envisioned 
that  the  vehicle  will  contain  a  medium  resolution  IR  sensor 
with  471  steradian  coverage  and  an  effective  range  against 
tank-like  targets  of  about  30  nmi.  in  clear  weather.  This 
sensor  would  be  used  for  threat  missile  alert  and  passive 
detection  of  air  and  surface  targets.  It  could  be  used  to  cue 
other  high-resolution  sensors  that  would  help  identify 
potential  targets.  Currently,  IR,  X-band,  and  millimeter 
wave  (MMW)  sensors  are  being  considered  for  the  high- 
resolution  role.  X-band  and  MMW  are  also  being 
considered  as  longer  range,  weather-capable  candidates  for 
the  detection  and  acquisition  of  potential  targets. 

A  study  is  currently  being  undertaken  to  examine  a 
MMW  sensor  with  conformal  antennas  that  promises  very 
high  resolution  and  good  weather  performance  at 
reasonable  ranges.  System  weight  is  currently  estimated  at 
about  400  pounds.  Other  results  are  too  preliminary  to 
report  at  this  time. 

SIGNAL  PROCESSING 

New  computer  architectures  are  being  studied  to 
determine  their  applicability  to  the  problem  of  performing 
real-time  signal  processing  and  automatic  target 
recognition  on  the  large  amounts  of  data  that  are  generated 
by  large  sensor  arrays.  This  research  is  being  performed  as 
part  of  a  separate  project  sponsored  by  the  Office  of  Naval 
Research. 


That  project  is  focusing  on  the  use  of  massively  parallel 
array  processing  chips  and  corticomorphic  computing 
architectures  to  implement  algorithms  based  on  those  used 
by  the  human  eye  and  brain.  Results  to  date  look 
promising  with  computation  rates  on  the  order  of  12,000 
computations  per  pixel  per  frame  for  a  128  by  128  pixel 
array  at  a  frame  rate  of  60  hertz.  Many  different  types  of 
algorithms  have  been  explored,  and  the  ability  to  detect 
and  track  moving  targets  in  a  cluttered  background  has  been 
demonstrated. 

Future  research  will  focus  on  the  details  of  implementing 
various  detection  and  ATR  schemes  on  high-density 
parallel  hardware. 

WARGAMING 

With  the  assistance  of  Naval  Reserve  Unit  NR  NAWCWPNS 
0170  stationed  at  Naval  Air  Station,  Dallas,  Texas,  two 
tabletop  wargames  have  been  constructed  and  used  to 
qualitatively  examine  the  interplay  between  HMIW 
characteristics  and  operational  issues. 

The  first  wargame  was  based  on  a  scenario  that  required  an 
HMLV  to  engage  and  destroy  a  group  of  guided  missile 
patrol  boats  (PTGs)  that  were  threatening  U.S.  warships. 
This  game  showed  that  an  HMLV  equipped  with  only  a  gun 
is  probably  inadequate  for  this  mission.  This  is  mainly 
attributable  to  the  fact  that  for  the  HMLV  to  engage  the 
PTG  with  a  gun,  it  must  enter  the  lethal  zone  of  the  PTG's 
own  defensive  guns.  In  making  a  gun  pass  at  a  PTG  that  is 
countering  with  a  high  rate  of  fire  gun,  the  probability  that 
the  HMLV  will  pass  through  the  stream  of  bullets  and  be  hit 
is  unacceptably  high,  even  if  the  HMLV  is  using  a  high-g 
evasive  maneuver. 

This  resulted  in  examining  a  variation  of  the  original 
scenario  that  considers  an  HMLV  equipped  with  a  100- 
pound-class  air-to-surface  missile  with  a  range  that  is 
sufficient  to  enable  the  HMLV  to  engage  a  PTG  from 
beyond  its  gun  range.  The  results  of  these  games  were 
much  more  satisfactory.  It  is  estimated  that  such  a  missile 
using  advances  in  warhead  technology  would  yield  very 
good  results  against  targets  such  as  PTGs.^  Furthermore, 
the  problem  of  battle  damage  assessment  is  greatly 
simplified  by  using  a  missile  instead  of  a  gun. 

The  second  wargame,  which  is  still  under  development, 
examines  a  scenario  in  which  an  HMLV  patrols  a  region  of 
suspected  TBM  operations.  The  goal  is  for  the  HMLV  to 
locate  and  destroy  TBM  launchers  in  the  region  before  they 
are  able  to  launch  their  TBMs.  Preliminary  results  indicate 
that  an  HMLV  equipped  with  sensors  and  an  associated  ATR 
package  capable  of  reliably  detecting,  tracking,  and 
identifying  TBM  launchers  at  a  range  of  about  15  nmi. 


^  The  current  Hellfire  is  a  100-pound-class  air-to-surface 
missile  with  considerable  capability. 
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with  a  low  error  rate  would  allow  the  vehicle  to  cover  a 
•square  region  with  a  side  length  of  at  least  50  nmi. 

Details  of  the  design  and  construction  of  the  games  and 
their  associated  assumptions,  along  with  the  qualitative 
results  obtained  by  playing  the  games  several  times  will  be 
documented  in  upcoming  reports. 

CONCLUSIONS  (AND  CONCERNS) 

The  study  of  the  characteristics  required  of  an  IIMLV  to 
perform  certain  Navy  missions  is  still  in  progress.  The 
concept  in  general  appears  to  he  sound.  The  state  of  the  art 
of  the  technology  in  the  areas  of  sensors,  signal 
processing,  automatic  target  recognition,  control, 
communications,  countermeasures,  propulsion,  and 
weaponry  appears  to  be  at  or  nc.ir  the  level  of  maturity 
required  to  support  the  fielding  of  an  HMLV.  Interim 
results  yield  the  following  general  vehicle  characteristics: 

1 .  A  maneuver  capability  of  about  20  ji>s 
(instantaneous)  with  an  onset  rate  of  about  25  ,(,’.s  per 
second 

2 .  A  length  of  about  35  ft,  a  span  of  about  32  ft  and  a 
cross  take-off  weight  of  about  16000  lb 

3.  A  payload  of  about  1000  pounds  of  advanced 
lightweight  weaponry  (note:  an  UMl.V  equipped  with  only 
a  gun  will  not  be  able  to  carry  out  all  postulated  missions  ) 

4.  Sensors  capable  of  detecting  inbound  threat 
missiles  at  a  range  of  about  2  to  3  nmi.  with  an  accuracy  of 
about  ±500  feet  in  range  and  ±400  f/s  in  range  rate 

5.  An  IR  countermeasure  capable  of  denying 
information  to  a  threat  missile's  seeker  for  a  few  tenths  of  a 
second 

Concerns  about  the  viability  of  the  UMl.V  concept  are 
presently  centered  around  airframe  issues  Using 
reasonable  size  and  weight  guidelines,  current  conceptual 
designs  capable  of  meeting  the  desired  acceleration 
requirements  have  limited  range  and  loiter  capability 
Designs  tend  to  be  large  (especially  in  wing  area)  for  their 
weights  and  are  unable  to  use  all  of  their  internal  space  as  a 
result  of  the  acceleration  requirement  Trade-off  studies  of 
instantaneous  and  sustained  acceleration  capability,  versus 
range,  loiter,  and  payload  will  he  pursued  to  attempt  to 
understand  all  of  the  variables  and  find  suitable  designs  that 
can  achieve  more  useful  mission  ranges  and  loiter  times 

Another  area  of  concern  is  related  to  missions  that  require 
the  HMIV  to  loiter  at  a  slow  speed  over  enemy  territory. 
If,  during  the  loiter,  the  vehicle  is  requia'd  to  perform  a 
high-^'  evasive  maneuver,  then  there  may  not  be  sufficient 
warning  for  the  vehicle  to  accelerate  from  its  loiter  speed  to 
a  speed  at  which  it  can  perform  a  high-^g  maneuver. 


While  the  aforementioned  concerns  are  valid,  the  study  has 
not  yet  progressed  sufficiently  to  conclude  that  these  are 
real  obstacles  It  is  more  likely  that  as  designs  arc  refined 
and  the  problems  are  studied  more  thoroughly,  solutions  to 
these  concerns  will  be  found  and  highly  capable, 
sophisticated  IlMI.Vs  will  someday  be  designed,  built,  and 
fielded 
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1  SUMMARY 

This  paper  addresses  a  high-level  approach  to  the 
analysis  of  uninhabited  combat  air  vehicle  (UCAV) 
effectiveness.  The  need  for  effectiveness  analysis  to 
take  place  in  a  range  of  realistic  operational  contexts  is 
established,  and  the  utility  of  effectiveness  analysis  is 
addressed.  It  is  argued  that  it  is  necessary  to  take  a 
‘system  of  systems’  view  in  assessing  UCAV 
effectiveness  due  to  the  diversity  of  impacts  such 
systems  will  have  on  military  operations.  Relationships 
between  some  areas  of  UCAV  performance,  and  their 
impacts  on  UCAV  effectiveness,  are  presented  as 
examples  of  the  complexity  of  UCAV  operations  and  to 
demonstrate  the  need  for  effectiveness  analysis  to  assist 
in  system  definition. 

2  INTRODUCTION 

Recent  years  have  seen  an  explosion  in  the  attention 
paid  to  uninhabited  air  vehicle  (UAV)  concepts  and 
technologies.  Three  main  drivers  can  be  identified  for 
this  explosion: 

improvements  in  technology; 

the  escalating  cost  of  manned  aircraft  coupled 

with  a  general  reduction  in  military  budgets; 

the  changing  political  environment. 

Through  recent  advances  in  the  fields  of  sensors, 
communications,  and  computing  technology,  UAVs 
offer  the  potential  of  high  levels  of  military 
effectiveness  at  low  levels  of  cost.  At  the  same  time, 
UAVs  offer  interesting  challenges  to  scientists  and 
engineers,  allowing  them  to  push  back  the  boundaries 
of  contemporary  aviation  technology.  Finally,  with  the 
end  of  the  cold  war,  and  the  establishment  of  ‘the  new 
world  disorder’,  the  relative  importance  of  ‘operations 
other  than  war’  has  increased,  bringing  with  it  a  range 
of  problems  that  have  not  been  widely  addressed  in  the 
past. 

Against  this  background,  it  is  necessary  for  political 
and  militaiy  decision  makers  to  be  able  to  strike  an 


objective  balance  between  conventional  inhabited  air 
vehicles  and  the  revolutionary  possibilities  offered  by 
new  UAVs.  This  balance  must  be  struck  so  as  to 
provide  optimal  military  cost-effectiveness  across  the 
range  of  operational  situations  that  may  occur.  Cost- 
effectiveness  analysis  of  potential  systems  is  used  to 
inform  decision  making  within  the  procurement 
process  (e.g.  the  UK’s  combined  operational 
effectiveness  and  investment  appraisal  (COEIA)). 

In  addition  to  its  utility  in  informing  procurement 
decisions,  cost-effectiveness  analysis  can  also  be  used  to 
explore  system  trade-offs  and  the  prioritisation  of 
system  capabilities  against  defined  operational 
requirements.  This  allows  for  the  early  focusing  of 
resources  on  those  elements  of  system  capability  that 
offer  the  greatest  potential  for  pay-off  in  terms  of 
military  effectiveness.  It  is  often  the  case  that  the  true 
drivers  of  military  effectiveness  are  not  obvious.  Cost- 
effectiveness  analysis  can  also  be  used  to  investigate 
military  concepts  of  operation,  and  technology  balance 
of  investment. 

This  paper  has  been  prepared  with  the  specific  focus  of 
offensive  operations  against  mobile  targets.  While  this 
is  often  seen  as  a  problem  of  ‘sensor  to  shooter’ 
connectivity,  this  ignores  many  other  problem  areas 
such  as  target  detection,  target  identification,  avoidance 
of  collateral  damage,  and  the  integration  of  attack 
assets  with  other  air  operations.  The  introduction  of 
UAV  concepts  into  this  role  provides  many  new 
challenges.  UAV  operations  against  mobile  targets 
need  to  be  evaluated  in  the  light  of  all  of  their  potential 
impacts  on  the  problem,  and  not  only  those  which  get 
the  most  attention  in  the  press. 

3  DEFINITION  OF  TERMS 

Several  phrases  used  in  this  paper  could  be  considered 
‘buzz-words’  and  therefore  need  more  formal 
definition.  The  definitions  given  are  for  the  purposes  of 
this  paper,  and  should  not  be  considered  as  being 
generally  ‘definitive’. 

3.1  UCAV 


Paper  presented  at  the  AGARD  MSP  Symposium  on  "System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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An  uninhabited  combat  air  vehicle.  This  is  an 
uninhabited  air  vehicle  that  functions  as  part  of  a 
combat  system  (that  is,  one  whose  end  goal  is  the 
delivery  of  weapons  to  targets).  This  definition  means 
that  a  UAV  carrying  a  sensor  system  that  provides 
targeting  data  to  a  weapons  platform  is  considered  a 
UCAV,  This  definition  is  used  to  emphasise  the  holistic 
view  that  should  be  taken  in  the  analysis  of  UCAV 
mobile  target  attack. 

3.2  Effectiveness 

Effectiveness  is  defined  as  being  the  level  of  impact  of 
the  performance  of  a  system  on  a  defined  operational 
context,  and  is  measured  in  terms  of  defined  militaiy 
goals  (c.g.  the  destruction  of  tanks)  rather  than  physical 
values  (e  g.  penetration  of  armour  in  mm).  That  is. 
effectiveness  is  the  level  of  Tnilitar}’  worth’  of  the 
system. 

Effectiveness  can  be  viewed  as  arising  from  the 
interaction  between  technology,  tactics  and 
environment, 

3.3  Mobile  target 

A  target  which  is  not  fixed  in  space  Since  virtually  any 
target  can  be  moved  in  some  timescale  this  means  that 
a  time  threshold  must  be  set.  For  the  purposes  of  this 
paper  a  mobile  target  will  be  considered  to  be  one 
which  can  relocate  within  the  timescale  of  the  operation 
of  an  Air  Tasking  Order  (ATO). 

It  should  be  noted  that  a  mobile  target  is  not  necessarily 
a  moving  target.  The  target  may  well  be  stationary  for 
significant  periods  of  time  (e  g.  mobile  strategic 
surface-to-air  missile  batteries). 

4  OPERATIONAL  CONTEXTS 

UK  defence  doctrine  (as  a  consequence  of  wider 
national  policy)  recognises  that  the  UK  armed  forces 
may  be  required  to  act  in  many  different  roles  and 
geographic  locations.  This  gives  rise  to  a  wide  range  of 
potential  environments  in  which  military  s>stcms  may 
be  required  to  operate  (the  word  em  ironment  is  taken 
to  include  the  military'  context  of  an  operation  as  well 
as  its  geographic  location).  It  is  important  to 
understand  that  the  impact  of  a  particular  military 
system  (and  hence  its  effectiveness)  will  vary 
depending  upon  the  environment  in  which  it  is 
deployed.  For  example,  arctic  survival  clothing  is 
highly  effective  in  arctic  conditions,  but  if  deployed  in 
the  Persian  Gulf  region  during  summer,  it  would  not 
only  be  completely  useless,  but  actually  counter¬ 
productive. 


For  this  reason  it  is  ncce.ssary  to  postulate  a  number  of 
operational  contexts  (or  ‘scenarios’)  in  which  the 
capabilities  of  systems  can  be  evaluated.  This  ensures 
that  the  system  or  systems  procured  can  deliver  an 
acceptable  degree  of  military  effectiveness  across  the 
range  of  contexts  that  might  be  required  by  national 
policy 

In  postulating  scenarios  it  is  neccs.sary  to  address  the 
range  of  scenario-driven  factors  that  will  significantly 
impact  on  the  problem  at  hand  These  factors  arc 
termed  scenario  characteristics  For  many  problems 
there  arc  likely  to  be  a  large  number  of  such 
characteristics,  all  of  which  can  take  multiple  values.  In 
Ihcorv  this  requires  a  large  number  of  scenarios  to  fully 
analyse  the  impact  of  differing  operational  contexts  on 
system  effectiveness  There  is  a  balance  to  be  stnick 
between  completeness  and  cost  DERA  has  developed  a 
method  for  scenario  selection  based  on  coverage  of 
relevant  scenario  characteristics  and  their  distinct 
values,  so  as  to  get  the  optimum  level  of  problem 
cos  erage  for  the  Ica.st  number  of  scenarios. 

An  example  of  a  scenario  characteristic  might  be  the 
‘level’  of  an  operation  This  might  range  from  general 
war.  invok  ing  the  full  resources  of  a  nation  or  nations, 
to  peace  support  operations  using  perhaps  only  a 
handful  of  personnel  This  characteristic  would 
significantly  impact  on  the  range  of  possible  military 
goals  in  the  scenarios  selected  In  addition,  where 
similar  military  goals  might  exist  in  different  levels  of 
operations  (e  g  supprc.ssion  of  enemy  air  defences,  or 
suppression  of  ground  force  movements),  the  balance  of 
importance  between  them  may  alter.  Furthermore  the 
methods  that  could  be  used  in  different  operations  may 
also  differ  (e  g  jamming  as  opposed  to  destniction  of 
air  defence  sites). 

Some  scenario  characteristics  of  particular  relevance  to 
UCAV  operations  and  technology,  insofar  as  they  may 
impact  on  the  desirability  of  using  a  UCAV  as  opposed 
to  an  inhabited  combat  air  vehicle,  or  a  particular 
UCAV  solution  as  opposed  to  another  (e  g  autonomous 
operation  versus  a  remotely  piloted  vehicle  (RPV))  are: 

nilcs  of  engagement  -  these  may  have  a  strong 
influence  on  the  permitted  degree  of  autonomy  of 
a  UCAV  system, 

sophistication  and  density  of  enemy  air  defences  - 
these  arc  of  particular  relevance  to  the  issue  of 
risk  to  aircrew  (when  comparing  inhabited  with 
uninhabited  air  vehicles): 

size  of  geographic  area  of  interest  -  can  impact  on 
required  levels  of  air  platform  endurance  and 
range  (which  is  relevant  to  inhabited  versus 
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uninhabited  operations),  and  communications 
infrastructure  requirements  based  on  line-of-sight 
restrictions  (which  is  particularly  relevant  when 
considering  the  degree  of  autonomy  of  UCAV 
systems). 

5  EFFECTIVENESS  ANALYSIS 

As  defined  earlier,  military  etfectiveness  relates  to  the 
impact  of  systems  in  realistic  operational  contexts. 
Taking  the  ‘system  level  view’  in  measuring 
effectiveness  is  widely  accepted  as  being  necessary  in 
most  situations.  However  there  is  often  a  question  of 
how  far  ‘the  system’  actually  extends.  Furthermore, 
most  military  systems  depend  on  other  systems  to 
provide  them  with  the  environment  in  which  they  can 
operate,  e.g.  the  most  potent  air  superiority  fighter  in 
the  world  is  not  effective  without  the  support  systems 
that  get  it  airborne  (fuel  delivery,  maintenance, 
command  and  control  etc).  For  the  attainment  for 
military  goals  in  realistic  contexts,  it  is  almost  always 
the  case  that  many  systems  have  to  work  together.  Thus 
military  effectiveness  is  often  not  a  system-level 
attribute,  but  arises  from  the  interactions  between  many 
systems.  This  is  the  basis  for  taking  a  system  of  systems 
level  view  of  military  effectiveness. 

In  practice,  this  is  not  always  done.  This  is  justifiable 
when  the  impact  of  a  particular  system  type  is  well 
understood,  and  where  the  functions  of  the  supporting 
systems  in  the  system  of  systems  do  not  substantially 
alter  as  a  consequence  of  the  system  under  study. 
However,  UCAVs  as  a  concept  are  still  immature  and  it 
is  widely  felt  that  they  will  have  multiple  impacts  in 
many  areas  of  military  operations.  This  would  suggest 
that  the  system  of  systems  level  view  is  the  appropriate 
one  to  take. 

But  what  specifically  is  meant  by  the  effectiveness  of 
the  system  of  systems?  Effectiveness  is  measured  in 
terms  of  parameters  known  as  Measures  of 
Effeetiveness  (MoEs).  These  MoEs  vary  depending  on 
the  nature  of  the  system  being  studied  and  the  purposes 
for  which  it  is  intended.  However  it  is  often  the  case  in 
combat  modelling  that  military  effectiveness  is 
measured  in  terms  of  some  combination  of  the 
following  three  factors: 

targets  destroyed  (or  targets  suppressed); 
own  force  losses; 
collateral  damage  inflicted. 

The  first  two  factors  reflect  traditional  approaches  to 
the  measurement  of  military  effectiveness  (e.g. 
Lanchesterian  type  analysis).  The  third  factor  has  risen 
in  importance  in  recent  years,  and  in  some  types  of 


operation  may  actually  be  of  greater  importance  than 
the  other  two  (e.g.  peace  support  operations).  Other 
measures  are  also  used,  but  in  almost  all  cases  are 
constructed  in  some  fashion  from  those  listed  above  (a 
measure  of  the  position  of  the  forward  line  of  own 
troops  (FLOT)  against  time  will  often  depend  on  the 
remaining  enemy  strength  at  that  time  related  to  that  of 
friendly  forces). 

Political  effectiveness,  or  the  impact  of  military 
effectiveness  on  the  political  context  of  a  particular 
operation,  is  much  harder  to  quantify.  It  may  be  that  a 
high  degree  of  military  effectiveness  in  terms  of  targets 
destroyed  for  example,  may  actually  be  politically 
counter-productive.  For  this  reason  effectiveness 
analysis  often  steers  clear  of  these  muddy  waters. 
Nevertheless  DERA  is  sometimes  required  to  generate 
non-traditional  measures  for  situations  such  as  peace- 
support  operations. 

In  situations  where  procurement  or  investment  advice 
is  being  generated,  system  costs  must  also  be  taken  into 
account.  In  procurement  support,  cost-effectiveness 
analysis  is  required  as  effectiveness  analysis  alone  can 
lead  to  the  ‘gold-plated  silver  bullet’  solution.  UCAV 
cost  analysis  is  of  as  much  importance  as  effectiveness 
analysis.  It  is  however  beyond  the  scope  of  this  paper  to 
consider  cost  further. 

The  approach  used  to  address  the  question  of  UCAV 
effectiveness  in  the  attack  of  mobile  targets  is  first  to 
consider  the  problem  from  a  generic  viewpoint,  i.e.  not 
specifically  as  a  UCAV  problem.  After  this,  the  specific 
effects  of  UCAV  operations  on  the  generic  problem  ean 
be  considered.  The  effectiveness  analysis  is  carried  out 
by  considering  the  measures  of  effectiveness,  the  factors 
that  impact  upon  them,  how  those  factors  interact, 
which  factors  impact  on  them,  how  they  interact  and  so 
on.  This  leads  to  the  production  of  a  ‘structure’  which 
illustrates  the  scope  of  the  problem. 

The  structure  developed  can  be  used  in  a  number  of 
ways.  For  example,  it  can  be  converted  into  a  ‘model’ 
through  the  use  of  a  systems  dynamics  type  approach, 
or  it  could  be  used  as  the  basis  for  a  specification  for  a 
conventional  computer  simulation  (or  more  likely  a 
series  of  simulations)  and  how  the  outputs  of  those 
simulations  should  be  integrated.  A  useful  initial  output 
from  such  an  activity  is  the  ability  to  use  such 
structures  to  form  the  basis  for  discussion,  to  point  out 
interactions  which  may  otherwise  be  missed,  and  to 
identify  areas  where  feedback  may  occur  (positive 
feedback  between  factors  may  identify  potentially  useful 
synergies  whereas  negative  feedback  may  suggest  areas 
where  variations  in  performance  may  have  little 
impact). 
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6  UCAV  EFFECTIVENESS 

6.1  GENERAL  DISCUSSION 

So  far  this  paper  has  addressed  why  UCAVs  should  be 
considered  as  part  of  a  system  of  systems,  and  why 
effectiveness  analysis  is  a  vital  tool  in  system 
development.  One  element  of  this  is  the  comparison  of 
conflicting  requirements,  or  concepts  of  operation  e  g. 
comparing  the  trade  between  expensive  sophisticated 
defensive  aids  to  allow  high  altitude  operation,  versus 
the  performance  penalties  due  to  low  altitude  operation 
without  those  aids,  for  example  in  a  penetrating 
reconnaissance  system. 

Having  followed  the  ‘structural’  approach  suggested 
above  we  can  begin  to  puli  out  areas  of  particular 
relevance  to  UCAV  operations.  Not  surprisingly  these 
arc  areas  which  arc  already  known  of  and  arc  being 
worked  upon,  e  g.  the  issue  of  automatic  target 
recognition,  which  if  reliable  could  lead  to  autonomous 
UCAVs  with  good  enough  target  identification 
capabilities  to  be  allowed  to  attack  those  targets  without 
human  intervention.  What  arc  not  always  apparent  arc 
the  multiple  impacts  that  some  factors  can  have  on 
system  effectiveness,  c.g.  ‘Risk  to  crew’.  The  main 
impact  of  this  factor  is  often  seen  as  being  on  weapon 
types  used  (stand-off  or  short  ranged).  However,  this 
also  impacts  on  the  routcing  options  useable  and 
therefore  the  system’s  transit  time  to  its  weapon  release 
point,  therefore  the  timeliness  of  its  attack,  therefore 
the  required  trade-off  between  target  location  accuracy 
and  the  timeliness  of  the  target  location  data,  the 
required  sensor  coverage  and  quality,  the  numbers  of 
platforms  required  and  so  on.  Some  factors  arc  likely  to 
have  non-obvious,  non-linear  impacts  on  system 
effectiveness  due  to  having  complex  interactions  with 
other  factors,  and  due  to  the  potential  for  feedback 
between  them.  The  ability  to  identify  these  interactions 
explicitly  is  a  strength  of  this  ‘structural’  approach  to 
the  analysis  of  UCAV  system  effectiveness 

6.2  SYSTEM  AUTONOMY 

One  issue  which  is  often  discussed  in  the  UCAV  arena 
is  system  autonomy  for  attack  platforms.  In  essence,  the 
main  problem  that  is  perceived  is  whether  an 
autonomous  system  would  have  the  capability  to  detect 
and  identify  its  targets  without  human  intcr\  cntion.  and 
particularly  in  low-intensity  conflict  settings,  whether  it 
would  be  able  to  reject  false  targets  such  as  civilian 
traffic.  The  degree  of  human/machinc  intelligence  of 
the  system,  combined  with  the  timeliness  and  accuracy 
of  the  targeting  data  with  which  it  is  provided, 
contribute  to  the  correct  identification  of  targets.  This 
combines  with  several  other  factors  to  drive  target 
dcstaiction,  the  level  of  collateral  damage  inflicted,  and 


hence  system  effectiveness  Another  factor  impacting 
on  this  area  is  the  location  of  the  human/machinc 
intelligence  This  issue  of ‘where  is  the  intelligence  in 
the  system'’’  is  one  that  is  likely  to  be  critical  for  future 
UCAV  systems,  in  particular  in  the  attack  of  mobile 
targets 

In  attacking  mobile  targets  there  will  be  a  premium  in 
correctly  locating  targets  in  a  background  environment 
where  both  target  position  and  the  nature  of  the 
cn\  ironmcnt  may  haxc  changed  since  the  last  targeting 
update  The  location  of  the  intelligence  in  the  system  is 
likely  to  be  an  effectiveness  driver.  An  inhabited 
combat  air  vehicle  will  have  human  decision  making 
capabilities  on  the  scene,  but  will  suffer  the  limitations 
imposed  by  the  requirement  to  carr\'  crew.  Alternatively 
a  remotely  piloted  vehicle  will  have  human  decision 
making  capabilities  but  will  rely  upon  communication 
links  to  allow  them  to  be  used  Those  communication 
links  could  be  jammed,  malfunction,  or  be  limited  by 
linc-of-sight.  or  satellite  usage  restrictions  Further  they 
could  make  the  system  more  vulnerable  to  detection 
and  hence  less  sur\  ivablc  A  fully  autonomous  UCAV 
would  have  no  need  for  human  decision  making,  thus  it 
could  enjoy  all  of  the  benefits  of  being  designed  without 
the  need  for  a  crew,  and  at  the  same  time  not  suffer 
from  the  limitations  of  requiring  the  communications 
support  that  charactcri.scs  the  RPV.  However,  how 
reliable  would  the  autonomous  system  be.  and  given  its 
limitations  (if  any),  in  what  circumstances  and 
therefore  how  often  could  it  be  used?  These  issues  can 
be  addressed  through  effectiveness  analysis,  in 
particular  the  mix  of  such  capabilities  which  may  be 
required. 

6.3  SURVEILLANCE,  TARGET  ACQUISITION 
AND  RECONNAISSANCE  (STAR) 

An  area  in  which  UCAVs  arc  seen  as  being  of 
particular  use  is  in  providing  STAR  coverage  In  the 
main  this  is  due  to  the  potential  for  vcr>’  long 
endurance,  allowing  for  substantial  coverage  with 
limited  assets,  and  the  lack  of  risk  to  crc\\’  (which  has 
already  been  discussed).  Unfortunately  there  is  a 
tendency  to  o\  crstatc  the  impact  of  such  systems,  with 
images  of  constellations  of  UAVs  freely  wandering  the 
skies  providing  instant  intelligence  on  any  target  of 
interest  in  enemy  territory  being  not  uncommon  in  the 
open  literature  It  would  be  very  dangerous  to  design  a 
mobile  target  attack  system  based  purely  on  such  an 
image  Consideration  must  be  given  to  countermeasures 
which  could  be  applied  by  an  enemy  to  protect  his 
assets,  particularly  those  which  could  be  considered  to 
be  ‘high  value’  e  g.  tactical  ballistic  missiles,  mobile 
SAMs,  mobile  command  and  control. 


One  countermeasure  that  could  be  employed  would  be 
to  operate  high  value  mobile  assets  in  areas  with 
substantial  surface-to-air  missile  defences  as  well  as 
radar  sites,  electronic  intelligence  (ELINT)  systems  etc. 
Aggressive  fighter  sweeps  over  such  areas  could  also  be 
envisaged  with  radar,  infra-red,  radio  frequency  and 
optical  sensors  all  playing  a  role  in  the  detection  of 
surveillance  platforms.  Considering  the  ballistic  missile 
target,  by  the  time  such  defences  could  be  suppressed  to 
a  level  allowing  effective  operation  of  friendly  sensor 
assets,  it  may  be  the  ease  that  the  enemy  may  have 
already  had  sufficient  time  to  launch  most  of  his  stocks. 
Of  course,  the  level  of  effort  required  by  the  enemy  to 
mount  such  a  defence  may  either  be  beyond  him,  or 
may  adversely  impact  on  his  other  operations.  In  this 
second  case  it  could  be  argued  that  the  friendly  system 
was  still  effective  through  the  threat  of  its  use  requiring 
the  enemy  to  act  in  a  sub-optimal  manner.  The 
evaluation  of  enemy  countermeasures  and  their  effects 
both  on  the  UCAV  system  in  question,  and  the  wider 
operational  context  as  a  whole,  is  an  area  in  which 
effectiveness  analysis  can  provide  value  to  decision 
makers  and  system  designers. 

7  CONCLUSION 

The  impact  of  UCAVs  on  military  operations  will  be 
far  more  wide  ranging  than  would  be  suggested  by 
simply  considering  them  to  be  ‘aircraft  without  pilots’. 
Because  their  impacts  will  be  so  wide  ranging  it  is 
necessary  for  rigorous  cost-effectiveness  analysis  of 
UCAV  systems  in  a  wide  range  of  operational  contexts 
to  be  carried  out.  This  will  be  fundamental  to  the 
successful  integration  of  UCAVs  into  military 
operations  in  such  a  way  as  to  meet  future  national 
objectives.  However,  cost-effectiveness  analysis  should 
not  be  seen  as  simply  an  aid  to  procurement  decision 
making.  It  should  be  integrated  into  the  design  process 
of  future  UCAV  systems  as  a  means  of  focusing  effort 
on  key  system  effectiveness  drivers,  and  of  avoiding 
unnecessary  or  inappropriate  effort  in  areas  of  marginal 
impact  on  system  cost-effectiveness. 
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SUMMARY 

A  potential  shortfall  in  U.S.  tactical  aircraft  inventories  required 
to  meet  future  national  and  international  defense  contingency  re¬ 
quirements  early  in  the  next  century  is  projected  to  materialize 
some  time  during  the  period  2005-2015.  The  Uninhabited  Com¬ 
bat  Air  Vehicle  (UCAV)  system  concept  has  potential  to  help  re¬ 
solve  the  projected  inventory  shortfall.  Lockheed  Martin  Tactical 
Aircraft  Systems  (LMTAS)  studies  have  identified  a  number  of 
potential  roles  and  missions  in  which  the  UCAV  should  be  both 
cost  and  operationally  effective.  The  UCAV  concept,  however,  is 
unproven  and  needs  system  concept  technology  development, 
evaluation  and  demonstration  if  it  is  to  be  considered  a  viable 
candidate  to  meet  the  projected  shortfall.  A  near-term  develop¬ 
ment  program  that  includes  overall  system  simulation,  evaluation 
and  demonstration  in  combination  with  configuration  specific  ad¬ 
vanced  technology  development  (ATD)  will  ensure  that  defense 
planners  have  a  viable  alternative  ready  for  decision  by  the  time 
the  projected  shortfall  materializes. 

NOTATION 

AFRL  -  Air  Force  Research  Laboratory 

AFTI  -  Advanced  Fighter  Technology  Integration 

ATD  -  Advanced  Technology  demonstration 

AWACS  -  Airborne  Warning  and  Control  System 

BDA  -  Bomb  Damage  Assessment 

BVR  -  Beyond  Visual  Range 

CAP  -  Combat  Air  Patrol 

CAS  -  Close  Air  Support 

CONOPS  -  Concepts  of  Operation 

COTS  -  Commercial  Off-the-shelf 

C31  -  Command  Control  Communication  and  Intelligence 

DoD  -  Department  of  Defense 

DTC  -  Data  Transfer  Cartridge 

FATE  -  Future  Aircraft  Technology  Enhancements 

IPT  -  Integrated  Product  Team 

JSTARS  -  Joint  Surveillance  Target  Attack  Radar  System 

LCC  -  Life  Cycle  Cost 

LED  -  Long  Endurance  Derivative 

LMSW  -  Lockheed  Martin  Skunk  Works 

LMTAS  -  Lockheed  Martin  Tactical  Aircraft  Systems 

MITL  -  Man-in-the-loop 

NRT  -  Non  Real  Time 

O&S  -  Operations  and  Support 

STOVL  -  Short  takeoff.  Vertical  Landing 

R&D  -  Research  and  Development 

UAV  -  Unmanned  Aerial  Vehicle 

UCAV  -  Uninhabited  Combat  Air  Vehicle 


URAV  -  Uninhabited  Reconnaissance  Air  Vehicle 
USAF  -  U.  S.  Air  Force 

VISTA  -  Variable  In-flight  Stability  Technology  Augmentation 
WVR  -  Within  Visual  Range 

1.  INTRODUCTION 

It  would  not  be  presumptuous  to  assume  that  today  every  military 
fighter  design  organization  in  the  world  is  trying  to  determine  the 
future  scope  and  direction  of  their  customers’  product  needs  in  an 
attempt  to  position  themselves  to  meet  21st  century  business  op¬ 
portunities.  Certainly  this  is  the  case  at  LMTAS  where  a  number 
of  multi-discipline  integrated  product  teams  (IPTs)  are  looking  at 
a  range  of  new  product  ideas  to  meet  known  or  projected  theater 
air  combat  needs.  Included  among  them  is  the  UCAV  IPT  which 
has  been  conducting  Independent  and  Contracted  Research  and 
Development  (R&D)  in  this  area  since  1994. 

LMTAS  involvement  in  UCAV  resulted  from  internal  studies  which 
identified  the  general  concept  as  a  likely  inclusion  in  future  force 
structures.  In  October  1995  our  IPT  collaborated  and  presented 
an  AGARD  paper  entitled,  “Unmanned  Tactical  Aircraft  -  A 
Lockheed  Martin  Perspective’’  through  our  Skunk  Works  (LMSW) 
colleague.  Dr.  Lee  Nicolai  (Ref  1).  It  laid  out  our  assessment  of 
the  key  drivers  behind  what  is  now  called  the  UCAV  concept  - 
political  aversion  to  crew  loss  or  capture  and  defense  cost  con¬ 
straints.  Risk  of  loss  or  capture  required  little  explanation.  Cost 
related  issues  were  not  quite  as  straight  forward.  Many  assumed 
that  the  primary  cost  advantage  of  unmanned  vehicles  would  de¬ 
rive  from  removal  of  man-rated  systems  and  requirements.  We 
concluded,  however,  these  savings  were  small  in  comparison  to 
the  real  cost  driver  -  a  potential  order  of  magnitude  reduction  in 
peacetime  operations  and  support  (O&S)  costs. 

On  modem  systems  like  the  F- 1 6,  O&S  costs  represent  about  40% 
of  the  total  life  cycle  cost  (LCC).  An  order  of  magnitude  reduc¬ 
tion  in  O&S  cost,  therefore,  could  reduce  overall  LCC  by  about 
one-third.  The  cost  savings  derive  from  a  fundamental  change  in 
how  UCAV  operators  would  maintain  combat  proficiency  during 
peacetime  in  comparison  to  their  manned  fighter  counterparts. 
UCAV  operators  would  rely  primarily  on  simulation  for  proficiency 
maintenance  and  only  fly  their  vehicles  when  required  for  exer¬ 
cises  and/or  actual  combat.  In  comparison,  typical  manned  fighter 
proficiency  flight  operations  represent  the  vast  majority  of  all 
squadron  hours  flown.  Therefore,  the  UCAV  concept  of  operation 
alone  showed  potential  for  significantly  reducing  annual  flight  hour 
requirements  and  all  of  the  support  personnel  and  consumables 
that  go  with  them.  There  also  would  be  a  commensurate  drop  in 
wear  and  tear  on  the  aircraft  themselves. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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Since  lh;it  initial  AGARD  paper,  a  number  of  studies  have  been 
conducted  to  evaluate  claimed  cost  and  effectiveness  benefits.  In 
general,  these  studies  have  supported  our  conclusions,  although 
many  considered  our  projections  to  be  optimistic.  We.  however, 
have  found  no  flaws  in  our  calculations  or  assumptions  and  be¬ 
lieve  that  the  cost  savings  projected  for  I'CAV  remains  valid.  In 
the  meantime,  we  have  gained  a  better  understanding  of  the  ad¬ 
vantages,  disadvantages,  capabilities,  limitations,  technical  driv¬ 
ers  and  ri.sks  associated  with  the  overall  concept.  On  the  second 
anniversary  of  our  first  paper,  we  arc  once  again  pleased  to  share 
the  results  of  our  studies  with  our  colleagues  from  AGARD. 

1.1  Aircrew  Risk 

Many  might  believe  that  the  impetus  for  the  recent  interest  in  un¬ 
inhabited  aircraft  is  a  relatively  recent  asersion  to  crew  loss  or 
capture,  driving  us  to  want  to  position  our  aircrews  well  out  of 
harms  w'ay.  In  reality  positioning  for  survivability  has  always  been 
our  objective,  whether  it  be  through  the  use  of  altitude  to  avoid 
ground  fire  or  through  improved  performance.  allt>wing  our  fight¬ 
ers  to  position  themselves  behind,  not  in  front  of.  an  opponent's 
guns.  As  time,  technology  and  tactics  progressed,  however,  we 
found  ourselves  either  moving  our  air  crews  further  and  further 
back  from  threat  or  relying  on  sophisticated  technologies  and  tac¬ 
tics  to  allow  them  to  survive  at  closer  ranges.  Even  with  sophisti¬ 
cated  technology  and  tactics,  however,  standoff  weapons  now  are 
the  preferred  delivery  option.  The  problem  is  that  as  the  standoff 
range  required  for  survivability  increases  and/or  required  v.  eapon 
guidance  systems  become  more  complex,  the  cost  of  destroying 
the  target  escalates  accordingly.  Some,  in  fact,  might  argue  that  at 
some  point,  it  is  cheaper  to  standoff  completely  and  use  cruise  or 
ballistic  missiles  instead. 

1.2  Options 

The  cost  argument  for  and  against  the  missile  option  is  shown  in 
Figure  1 .  Here  a  simple  cost  per  pound  of  delivered  payload  met¬ 
ric  is  used  to  compare  various  ways  of  attacking  targets,  both  air- 
to-ground  or  air-to-air.'  The  figure  shows  that  on  the  basis  of  cost 
per  pound  of  payload  delivered,  using  a  caiise  missile  to  put  a 
given  payload  on  target  is  about  two  orders  of  magnitude  more 


Figure  1.  Weapon  Delivery  Cost  Drivers 


expensive  than  using  a  fighter-launched  precision-guided  bomb. 
The  fighter  advocate  would  argue  that  he  has  a  cost  advantage 
because  most  of  his  system  is  reusable  while  the  cruise  missile 
and  most  of  its  expensive  pans  (propulsion,  guidance,  etc.)  arc 
destroyed  w  ith  the  target,  Tlie  cniisc  missile  advocate,  on  the  other 
hand,  would  argue  that  if  the  fighter  has  to  rely  on  standoff  for 
surs’ival.  bevond  about  50  NM  (90  Km)  a  fighter  has  little  cost 
advantage,  panicularly  as  the  unit  cost  of  cruise  missiles  contin¬ 
ues  to  drop  while  the  unit  costs  of  low-rate  production  fighters 
have  been  increasing.  The  cniise  missile  advocate  would  also  ar¬ 
gue  that  as  the  complexity  of  the  fighter  delivered  st.indoff  weapon 
guidance  system  increases,  the  cost  adx  antagcs  dwindle  even  more 
quickly. 

Our  assessment  is  that  both  sides  arc  right.  If  a  fighter  c;in  pen¬ 
etrate  and  survix'c  at  relatively  short  standoff  distances,  it  will  he 
the  lowest  cost  alternative  but  only  if  its  higher  acquisition  and 
support  cost  can  be  amortized  over  enough  targets  and  missions. 
If.  however,  significant  standoff  is  required  to  achieve  fighter 
survivability  and  higher  fighter  cost  cannot  be  spread  over  enough 
targets,  a  cmise  missile  may  be  the  least  expensive  approach. 
When  crew  loss  or  capture  is  itself  not  an  option,  today's  only 
viable  option  is  a  cruise  missile.  With  I'C AV  dexelopment,  how¬ 
ever.  there  would  be  another  option  that  has  potential  to  be  both 
effective  and  lower  cost  than  cither  a  fighter  delivered  PGM  or  a 
cruise  missile 

On  the  advantage  side,  compared  to  a  cniisc  missile  a  UCAV  can 
be  routed  around  pop-up  threats.  Compared  to  a  fighter  it  can  be 
dcsiened  for  higher  “g"  loads  and  more  aggressive  maneuvers. 
UCAV  will  also  have  disadvantages  though.  For  example,  it  will 
almost  certainly  be  larger  than  a  cmise  missile  and,  at  least  for  the 
near  term,  probablv  will  be  vulnerable  to  manned  fighters  within 
visual  ranee  (W\'R).  Beyond  visual  range  (BV'R).  there  is  no  tech¬ 
nical  reason  to  believe  that  a  UC AV  could  not  hold  its  own  against 
a  manned  fighter.  In  the  longer  term,  it  is  conceivable  that  tech¬ 
nology  could  e\  cn  make  it  formidable  within  visual  range  (WVR). 
All  of  these  options,  however,  arc  unsubstantiated  assertions. 
UCAV  is  a  concept  for  which  there  is  currently  little  or  no  data, 
technical  or  operational,  that  would  allow  it  to  compete  as  a  viable 
militarv  alternatixe  to  contemporary  cmise  missiles  and  fighters, 
much  less  an  cffectixc  altematixc  to  placing  aircrew  at  risk  of  loss 
or  capture  in  a  situation  w  hen  victory  in  the  air  or  ground  must  be 
assured.  The  only  way  that  UGAV  could  be  considered  a  viable 
option  is  to  subject  the  concept  to  in-depth  evaluation,  including 
technical  and  operational  feasibility,  cost,  risk  and  demonstration. 
Then  and  only  then  should  the  concept  be  considered  anything 
more  than  an  attractive  possibility. 

1.3  Demonstration  Requirements 

Most  of  the  issues  associated  with  the  UCAV  concept  arc  ame¬ 
nable  to  evaluation  and  resolution  through  the  ATD  process.  Most 
of  the  studies  referenced  in  this  paper  recommended  the  ATD  ap¬ 
proach.  These  recommendations  have  been  taken  seriously  and 
programs  arc  being  formulated.  For  example,  the  U.S.  Air  Force 
Research  Laboraton,'  (AFRI.)  has  initiated  its  Future  Aircraft  Tech¬ 
nology  Enhancements  (FATE)  program  that  proposes  to  evaluate 
a  number  of  issues  common  to  both  manned  fighters  and  UCAV. 
This  could  culminate  in  development  of  an  innovative  new  iin- 


'Thi.s  metric  was  chosen  for  purposes  of  simplicity  It  intentionally 
ignores  effectiveness  and  other  contcnlious  differences 
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manned  vehicle  demonstrator.  Some  issues  do  not  require  new 
vehicle  development  to  evaluate  and  demonstrate,  however.  For 
example,  datalink  connectivity  and  bandwidth  availability,  manned 
unmanned  interoperability,  deployment,  and  aerial  refueling  es¬ 
sentially  are  vehicle  independent  issues.  And  while  some  CONORS 
issues  are  vehicle  dependent,  many  are  not  and  do  not  require  new 
vehicle  development  to  evaluate  and/or  demonstrate.  In  fact,  some 
aspects  of  UCAV  CONORS  development  may  be  incompatible 
with  new  vehicle  development,  for  example,  CONORS  evalua¬ 
tions  that  require  significant  numbers  of  aircraft  to  evaluate.  There¬ 
fore,  a  number  of  studies  such  as  the  USAF  SAB  have  recom¬ 
mended  that  data  link  equipped  manned  fighters  be  used  as  surro¬ 
gate  UCAVs  for  demonstration  and/or  evaluation  purpo.ses.  For 
reasons  of  safety  and  operational  flexibility,  these  vehicles  would 
remain  manned  and  have  on  board  safety  pilots  in  the  event  of 
emergencies  or  equipment  failure.  Lockheed  Martin  believes  that 
this  approach,  whether  based  on  manned  fighters,  new  demonstra¬ 
tors  or  modified  versions  of  existing  Unmanned  Aerial  Vehicles 
(UAVs)  or  drones,  is  a  key  element  in  overall  technical  and  opera¬ 
tional  risk  reduction  for  the  overall  UCAV  system  concept. 

2.  FORCE  STRUCTURE  ISSUES 

Most  of  the  issues  discussed  in  this  paper  are  applicable  to  all 
defense  forces,  U.S.  and  Allied.  For  brevity,  however,  this  paper 
focuses  on  the  U.  S.  Air  Force  (USAF).  We  will  leave  it  to  the 
reader  to  extrapolate  the  issues  and  potential  solutions  to  their  own 
particular  service  and/or  national  needs. 

Simply  stated,  the  problem  facing  the  USAF  (and  every  other  ser¬ 
vice)  is  how  to  meet  a  range  of  changing  defense  needs  world 
wide  with  shrinking  budgets  and  fewer  people.  The  fundamental 
issue  is  one  of  force  size  and  required  capability.  For  example,  the 
latest  Quadrennial  Defense  Review  established  a  firm  requirement 
for  20  USAF  fighter  wings.  The  basis  for  conclusion  was  a  pro¬ 
jected  requirement  to  conduct  2  near  simultaneous  major  theater 
wars.  Some  critics  argue  that  this  is  an  unreasonable  projection 
and  that  perhaps  as  few  as  15  wings  might  suffice.  An  internal 
LMTAS  study,  however,  shows  that  20  wings  is  a  minimum  re¬ 
quirement  to  meet  even  peacetime  requirements. 

The  LMTAS  study  addressed  the  types  and  number  of  fighter  air¬ 
craft  required  to  meet  U.S.  peacekeeping  needs  for  a  year.  The 
results  are  shown  in  Figure  2.  The  number  and  type  of  peacekeep¬ 
ing  operations  is  the  independent  variable.  Fighter  wings  required 
to  support  the  operations  is  the  dependent  variable.  The  figure 
shows  that  if  the  USAF  has  to  support  two  large  peacekeeping 
operations,  every  element  of  its  current  20  wing  force  (approxi¬ 
mately  2100  fighters)  will  have  to  deploy  during  the  year.  Note 
that  today  the  USAF  is  supporting  one  large  and  a  number  of 
smaller  peacekeeping  operations  at  various  locations  around  the 
world.  Tomorrow,  who  knows  how  many  there  will  be. 

2.1  Cost 

With  the  changes  that  have  taken  place  in  the  world  over  the  last 
ten  years,  it  should  be  no  surprise  that  budget  available  for  any 
type  of  defense  procurement,  much  less  fighter  aircraft,  is  in  ex¬ 
tremely  short  supply.  While  fighter  procurement  has  been  cycli¬ 
cal  in  real  terms  for  much  of  the  last  25  years,  budgets  have  been 
historically  high.  This  25-year  period  also  saw  the  introduction  of 


Figure  2.  LMTAS  Assessment  -  USAF  Requirements 

a  number  of  impressive  new  fighters  that  substantially  increased 
fighter  force  capability  even  though  absolute  numbers  dropped 
(Figure  3). 


Figure  3.  USAF  Fighter  Procurement 


Then  a  few  years  ago,  as  all  of  us  are  well  aware,  the  international 
situation  changed  and  nothing  has  been  the  same  since  Fighter 
procurement  dropped  precipitously  to  include  a  year  when  it  was 
zero.  Simultaneously,  USAF  fighter  force  structure  inventories 
were  pared  to  nearly  50%  of  previous  levels.  Now  planned  pro¬ 
curements  will  barely  keep  up  with  attrition  until  new  aircraft 
types  start  to  enter  the  force  in  the  next  century.  In  the  meantime, 
fighters  are  aging,  budget  pressures  remain  critical  and  all  are  con¬ 
cerned  about  the  future. 

Figure  4  presents  another  historical  perspective  intended  to  bracket 
reasonable  future  procurement  trends.  Here  USAF  strategic/fighter 
aircraft  procurement  is  combined  (to  reflect  the  blurring  of  the 
differences  between  tactical  and  strategic  aircraft  roles  and  capa¬ 
bilities).  It  shows  that  as  a  percentage  of  the  Department  of  De¬ 
fense  (DoD)  total  budget,  fighter/strategic  procurement  averaged 
about  2%  over  the  past  23  years.  Over  the  last  ten  years,  it  was 
about  1%  and  for  the  last  five  years,  the  average  has  been  0.3%, 
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Figure  4.  USAF  Tactical  Aircraft  Percentages 

Therefore,  a  reasonable  projection  for  fiiiiirc  prociircnicnis  shoiiki 
be,  at  most,  in  this  range.  Figures  5  shows  an  internal  Lockheed 
Martin  projection  of  what  effect  these  percentages  would  have  on 
USAF  Fighter  force  structure  through  2020  based  on  an  assumed 
total  DoD  budget  of  $250B  in  constant  dollars.  Note  that  at  the 
$4.7B  procurement  level,  the  planned  procurement  of  new  fight¬ 
ers  allows  the  force  to  be  maintained  at  current  levels  until  about 
2015.  By  2020  the  force  structure  would  approach  a  15  wing  level 
of  capability.  At  a  $2.7B  level,  USAF  starts  to  fall  below  the  20 
Fitthtcr  wing  requirement  by  2010  and  below  1 5  wings  shortly  there¬ 
after.  Under  a  $0.8B  procurement  level,  the  force  structure  starts 
a  precipitous  drop  in  2010  and  is  halved  before  2020. 


Figure  5.  LMTAS  Assessment  -  Constrained 
Budget  Impact 

2.2  Potential  Shortfall 

As  a  result  of  the  force  structure  projections  discussed  above,  there 
has  been  healthy  debate  within  defense  circles  about  how  deal  with 
fighter  force  structure  issues.  One  option  proposed  is  to  keep  fight¬ 
ers  in  the  force  longer.  Opponents  of  this  option  (Ref  2)  argue  that 
the  average  age  of  a  USAF  fighter  would  double  to  nearly  20  years 
by  2005.  At  this  average  age,  a  fighter  would  not  be  retired  until  it 
has  been  in  service  for  nearly  40  years.  Others  believe  that  devel¬ 
opment  of  a  capable  new  cost  constrained  Joint  Strike  Fighter  (JSF) 
will  allow  USAF  to  maintain  cap.ability  for  the  foresec.able  fuliirc. 
However,  there  is  a  short  term,  but  politically  expedient,  option 


which  may  be  employed  regardless  of  the  outcome  of  the  internal 
debate  -  declare  that  no  opponent  can  malch  current  U.S.  capabil¬ 
ity  and  let  fighter  force  structures  continue  to  drop.  Although  this 
option  has  the  most  significant  long  term  implications,  in  the  short 
term  it  is  politically  easy  to  implement  given  the  subjective  nature 
of  threat  projection  in  today's  environment.  And  if  this  option  is 
selected  as  a  political  expedient,  it  will  take  a  political  crisis  to 
reverse  it.  In  this  author's  option,  this  crisis  will  occur  when  we 
find  ourselves  in  a  situation  where  our  forces  are  stretched  so  thin 
that  we  can  no  longer  meet  minimum  commitments.  At  that  point 
the  politicians  w  ill  demand  quick  remedial  action  and  we  will  have 
to  be  ready  to  respond  Based  on  Figure  5,  this  crisis  could  occur 
as  early  as  2005  and  almost  certainly  will  occur  by  2015. 

2.3  UC.AV  Option 

As  will  be  discussed  later,  the  UC AV  system  concept  has  inherent 
features  that  coiilil  make  it  a  low-  cost  option  to  help  meet  the 
projected  force  stnicture  shortfall  requirements.  However,  when 
the  shortfall  occurs,  there  will  be  no  time  to  evaluate  such  options 
unless  actions  arc  initiated  now.  IICAV  and  other  promising  sys¬ 
tem  concepts  arc  unproven  and  w  ill  remain  so  until  progrtitns  arc 
put  into  place  to  establish  feasibility,  reduce  technical  risk  and 
demonstrate  ov  erall  svstem  capability.  Given  the  possibility  of  a 
decision  required  by  2005.  we  must  move  out  quickly  to  explore 
these  options  .  establish  their  technical  and  operational  feasibility, 
and  pursue  ri.sk  reduction.  Otherwise,  they  will  not  be  viable  fu¬ 
ture  options. 

3.  UAV  .STUDIF.,S 

In  recent  years  a  number  of  studies  have  examined  the  need  and 
required  capabilities  for  I'AVs  of  all  types  including  UCAV  (Refs 
3-1 1 ).  Many  of  these  studies  have  been  published  and  widely  dis¬ 
tributed  Others  have  had  much  more  limited  distribution.  De¬ 
spite  the  variety  of  the  perspectives  rctlccted  in  the  studies,  a  gen- 
crallv'  consistent  view  of  unmanned  v  ehicles  and  systems  emerges 
(Figure  6). 
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Figure  6.  Prevailing  Theme  -  Two  System  Types 
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3.1  UAV  Types 

The  studies  generally  group  UAVs  into  two  broad  vehicle  catego¬ 
ries,  Uninhabited  Reconnaissance  Air  Vehicles  (URAVs)  and 
UCAVs.  Although  they  have  similarities  and  some  concepts  could 
perform  missions  of  both  types,  they  generally  have  significant 
differences.  URAVs  are  generally  considered  to  be  high-altitude, 
limited-maneuverability  machines  while  UCAVs  are  seen  as  ca¬ 
pable  of  operating  over  a  wider  range  of  altitudes,  speeds  and  at¬ 
tack  profiles,  much  like  a  contemporary  tactical  fighter. 

3.2  UCAV  System 

All  UCAV  studies  describe  the  concept  as  an  overall  system  not  a 
vehicle  (Figure  7).  The  three  major  system  elements  include  ve¬ 
hicles,  control  stations,  and  the  data  networks  required  to  tie  the 
system  together  and  provide  connectivity  with  the  rest  of  the  tacti¬ 
cal  environment.  The  role  of  the  human  operator  is  key  to  the 
overall  system  concept. 


Figure  7.  Overall  UCAV  System 

The  studies  present  a  generally  consistent  view  of  the  human  op¬ 
erator  as  a  mission  level  manager,  not  a  remote  pilot.  High  work 
load,  time  delays  and  lack  of  on-the-scene  situation  awareness  all 
argue  against  involvement  at  the  remote  pilot  level.  Nonetheless, 
the  role  of  the  human  as  a  decision  maker  is  critical  to  the  concept. 
In  fact,  the  term  “inhabited”  was  coined  to  convey  the  concept  of 
man-in-the-loop,  just  not  in  the  cockpit.  To  maximize  decision 
information  availability,  the  operator  is  located  at  an  appropriate 
node  where  tactical  information  comes  together,  be  it  on  the  ground, 
in  the  air  or  at  sea.  To  minimize  the  potential  for  information 
overload,  the  operator  has  access  to  software  agents  that  handle 
routine  vehicle  and  operational  functions  and  present  tactical  op¬ 
tions  ranging  from  new  mission  plans  to  suggested  tactics. 

As  will  be  discussed  later,  the  relatively  wide  range  of  views  about 
projected  operational  rotes  and  missions  resulted  in  an  equally 
wide  range  of  vehicle  concepts.  For  example,  some  see  the  UCAV 
as  a  relatively  benign  vehicle  operating  at  medium-to-high  alti¬ 
tude  carrying  precision  guided  standoff  weapons  while  others  see 
it  as  a  very  highly  maneuverable  close-in  fighting  machine. 


Although  all  studies  acknowledge  the  importance  of  robust  and 
reliable  datalinks  as  enablers  for  the  UCAV  system  concept,  none 
were  definitive  about  how  to  achieve  this  objective.  There  was 
agreement  that  controlling  the  vehicle  at  a  mission  level  would 
reduce  requirements  for  high  data  rate  control  inputs.  One  way  to 
achieve  this  would  be  to  have  a  complete  mission  defined  on  board 
the  vehicle  with  operator  inputs  changing  the  existing  mission  plan. 
The  vehicles,  therefore,  could  operate  on  their  own  should  data 
link  connectivity  be  lost  or  jammed.  Or  they  could  be  tightly  con¬ 
trolled  during  selected  mission  segments,  limited  only  by  data  link 
and  band  width  availability.  The  result  was  a  concept  of  control 
that  provides  inherently  variable  levels  of  autonomy.  In  fact,  the 
concept  of  variable  levels  of  autonomy  is  considered  an  enabler 
for  the  UCAV  concept, 

3.3  Benefits 

The  studies  generally  identify  air-to-ground  as  the  primary  UCAV 
mission  and  cite  requirements  for  long  endurance  and  quick  re¬ 
sponse  as  primary  design  drivers.  Benefits  associated  with  not 
having  a  human  being  on  board  are  emphasized.  Examples  in¬ 
clude  the  potential  for  very  high  maneuverability,  around-the- 
clock  operations,  smaller  size  and,  of  course,  no  crew  risk  (Fig¬ 
ure  8).  Other  benefits  are  associated  with  cost  and  include  not 
having  man-rated  systems,  the  use  of  simulation  to  maintain  op¬ 
erator  proficiency  and  the  ability  to  put  the  operator  in  the  middle 
of  the  theater  level  tactical  information  network.  There  are,  how¬ 
ever,  a  number  of  disadvantages  associated  with  this  concept  that 
need  to  be  addressed.  Some  problems,  such  as  the  lack  of  on- 
the-scene  situation  awareness,  the  dependency  on  data  links  and 
the  challenges  of  integration  with  manned  airspace  and  opera¬ 
tions  are  obvious.  Less  apparent  are  issues  associated  with  inte¬ 
grating  unmanned  vehicles  into  an  existing  manned  vehicle  in¬ 
frastructure  with  little,  if  any,  experience  with  unmanned  vehicle 
operations.  Examples  include  alternate  recovery  fields  opera¬ 
tions,  aerial  refueling  and  recovery  with  live  ordnance.  Many  of 
these  issues  can  be  resolved  by  development  of  appropriate  pro¬ 
cedures.  Others,  however,  will  require  new  technology  develop¬ 
ment,  the  most  challenging  of  which  are  related  to  command  and 
control  of  multiple  vehicles  combined  with  constraints  on  con¬ 
nectivity  and  bandwidth  availability. 
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Figure  8.  Prevailing  Theme  -  UCAV  Attributes 
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3.4  Missions 

Despite  the  consistency  of  s  iews  about  required  overall  perfor¬ 
mance  levels  and  the  advantaL’cs  and  disadvantages  of  the  IT AV 
concept,  generally  the  studies  showed  little  consistency  on  the  sub¬ 
ject  of  projected  mission  application  and  Concepts  of  Operation 
(CONOPS).  Figure  9  suminari/cs  the  range  of  views  grouped 
subjectively  in  order  of  the  apparent  ads’ocacy.  The  disparity  of 
views  is  probably  not  surprising  gisen  the  immaturity  of  the  IT  AV 
concept.  It  does,  howcN'cr.  shovs  that  more  work  needs  to  be  done 
to  define  how  the  concept  could  or  should  fit  in  to  the  overall  tlie- 
atcr  air  combat  arena.  In  fact,  CONOP.S  development  is  one  of 
the  most  critical  need  areas  associated  with  development  of  the 
overall  system  concept. 
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Figure  9.  Prevailing  Theme  -  UCAV 
Applications 

4.  LOCKHEED  MARTIN  APPROACH 

Because  of  the  interrelationship  between  the  overall  system  con¬ 
cept,  how  it  might  be  employed  and  how  technical  issues  are  re¬ 
solved  and  demonstrated,  Lockheed  Martin's  approach  to  ITAV 
system  design  addresses  a  full  spectrum  of  key  technical,  opera¬ 
tional  and  programmatic  issues.  Independent  research  into  poten¬ 
tial  concepts  of  operation  has  been  included. 

4.1  System  Simulation 

Early  in  our  UCAV  R&D  program,  we  recognized  the  importance 
of  simulation  to  develop  an  understanding  of  overall  system  is¬ 
sues.  Two  simulation  types  have  been  pursued,  non-real  time 
(NRT)  .system  evaluations  and  real  lime,  man-in-the-loop  (MITL) 
mission  simulation,  NRT  simulation  has  been  used  primaril)'  to 
investigate  overall  system  issues  to  include  architectures  and  re¬ 
quirements  and  to  conduct  top-level  trade  studies  of  candidate  so¬ 
lutions.  MITL  simulation  is  used  to  more  fully  evaluate  selected 
options  and  to  gain  an  understanding  of  operator  roles  and  issues. 
MITL  simulation  has  been  particularly  valuable  for  evaluating 
candidate  CONOPS. 

A  range  of  NRT  simulation  approaches  have  been  used,  from 
simple  physics-based  system  models  to  relatisely  complex  sys¬ 
tem  descriptions  using  commercial  off-the-shelf  (COTS)  simula¬ 


tion  packages.  Our  MITL  simulation,  however,  has  been  based  on 
assets  and  capabilities  developed  in  support  of  our  manned  fighter 
product  line  (Figure  10).  In  essence  we  have  taken  a  high-fidelity 
manned  F-16  simulation  complete  with  visual  scene  and  physi¬ 
cally  separated  the  cockpit  from  its  vehicle.  The  interface  belts  een 
the  two  represents  a  simulated  data  link.  The  cockpit  displays 
were  then  modified  to  represent  what  might  be  a  more  appropriate 
formal  for  an  off  board  operator.  An  "outer  loop"  controller  svas 
created  to  replace  stick  and  throttle  type  inputs  with  lop  level  ve¬ 
hicle  commands.  For  example,  selecting  a  single  "Takeoff  icon 
executed  all  of  the  functions  and  procedures  normally  performed 
by  the  pilot  from  advancing  the  throttle  and  maintaining  ninway 
alignment  to  retracting  gear  and  establishing  a  prescribed  climb 
profile  An  existing  autopilot  simulation  commanded  the  aircraft 
to  follosv  a  pre-loaded  mission  plan  in  a  simulated  D.ita  Tr.insfer 
Cartridge  (DTC).  We  also  integrated  a  number  of  highly  auto¬ 
mated  advanced  systems  such  as  the  Adxanced  Fighter  Technol- 
ogv  Integration  (AFTI  i  F-16  digital  terrain  following,  in-flight  route 
replanning  and  automated  weapons  delixery  systems.  Finally  the 
displavs  from  multiple  vehicles  were  combined  in  a  single  display 
1(1  cive  the  operator  a  multi-vehicle  cnntrtil  capability.  The  UCAV 
is  flown  in  an  simulated  digital  mission  environment  which  in¬ 
cludes  ihrenls,  friendly  aircraft  aircraft,  offboard  systems  and  sup¬ 
port  assets.  To  date  we  have  used  exercise-based  scenarios  such 
as  a  previous  "flag"  exercise  for  the  mission  environment. 


62509012-1 

Figure  10.  UCAV  System  Level  Simulation 

A  number  of  conclusions  bas  e  been  reached  from  our  UCAV  sys¬ 
tem  simulations.  We  now  have  a  better  understanding  of  the  level 
of  control  required  to  remotely  operate  a  fighter  like  vehicle  in  a 
rapidly  changing  tactical  environment  (Figure  1 1).  For  example, 
we  have  found  that  way  point  navigation  levels  of  control  such  ns 
those  used  with  URAVs  is  inadequate  in  the  tactical  strike  envi¬ 
ronment.  We  also  have  a  much  better  appreciation  for  operator 
workload  issues  even  with  the  high  levels  of  task  automation. 
Additional  lessons  learned  include  the  effects  of  time  delay,  situa¬ 
tion  awareness,  sensor  and  display  requirements. 

Since  starting  our  initial  UCAV  simulation  overtwo  years  ago.  we 
have  made  a  number  of  system  upgrades.  For  cxtimple.  we  have 
inteerated  COTS-based  variable  performance  vehicle  and  sensor 
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Figure  11.  Variable  Autonomy  Control  Evaluation 


simulations  and  can  evaluate  a  wide  range  of  design  variables  such 
as  ultra-high  maneuverability,  speed  effects,  sensor  range  and  per¬ 
formance,  bandwidth  constraints,  etc.  Our  ability  to  evaluate  these 
and  other  perceived  and/or  preconceived  requirements  in  the  ob¬ 
jective  environment  of  simulation  has  significantly  increased  our 
understanding  of  UCAV  issues. 


4.2  New  Vehicles  &  Systems 

We  are  evaluating  a  wide  range  of  UCAV  vehicle  concepts  from 
simple  modifications  to  existing  aircraft  to  all  new  concepts,  un¬ 
constrained  by  traditional  manned  aircraft  design  limitations.  The 
majority  of  our  vehicle  design  effort  has  focused  on  all  new  con¬ 
cepts  such  as  the  one  shown  in  Figure  12,  It  is  one  of  our  larger 
vehicles,  designed  to  carry  inventory  weapons.  It  is,  however, 
smaller  than  a  manned  fighter  of  the  same  capability.  This  is  be¬ 
cause  the  man  and  man  related  equipment  in  a  typical  fighter  gen¬ 
erally  constitutes  10  %  of  its  gross  weight  and,  when  removed, 
results  in  a  smaller  and  lighter  vehicle.  Or  by  converting  the  weight 
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Figure  12.  LMTAS  Multi-Mission  UCAV  Concept 


and  volume  to  additional  fuel,  it  would  have  greater  range  and/or 
payload.  For  example,  a  manned  fighter  with  a  fuel  fraction  of 
25%  could  in  an  unmanned  form,  have  a  35%  fuel  fraction.  The 
corresponding  increase  in  cruise  range  or  radius  could  be  as  much 
as  50%. 

Other  concepts  under  evaluation  at  LMTAS  include  totally  new 
overall  systems.  Figure  13  shows  an  example;  a  revolutionary 
short  takeoff,  vertical  landing  (STOVL)  UCAV  operating  off  of  a 
small  surface  combatant  capable  of  launching  cruise  missiles  and 
UCAVs.  This  overall  weapon  system  concept  calls  for  a  capabil¬ 
ity  to  support  a  complete,  albeit  limited,  air  campaign  without  any 
support  from  the  traditional  carrier  fleet.  It  also  features  a  highly- 
automated,  below  deck,  maintenance  and  weapon  loading  system 
that  allows  the  ship  to  operate  with  a  very  small  crew  by  contem¬ 
porary  standards. 


Figure  13.  LMTAS  STOVL  UCAV  System  Concept 
4.3  Demonstration 

There  are  a  number  of  issues  associated  with  the  UCAV  concept 
that  must  be  demonstrated  to  verify  that  projected  cost  and  op¬ 
erational  effectiveness  advantages  are  anything  more  than  opti¬ 
mistic  projections.  LMTAS  is  supporting  a  number  of  such  dem¬ 
onstration  planning  activities.  For  example,  we  are  one  of  the 
prime  contractors  involved  in  the  AFRL-sponsored  FATE  pro¬ 
gram,  We  have  also  been  exploring  a  number  of  related  demon¬ 
stration  opportunities.  Most  are  based  on  the  F-16,  already  one 
of  the  most  highly  automated  fighters  in  the  USAF  inventory 
(demonstrated  or  operationally  deployed  capabilities  include  a 
digital  terrain  system  based  automatic  ground  collision  avoid¬ 
ance,  a  tactical  datalink  that  allows  target  coordinates  to  be  trans¬ 
mitted  directly  to  the  cockpit  and  highly  automated  in  flight  weap¬ 
ons  delivery  modes).  A  number  of  candidate  demonstrator  plat¬ 
forms  have  been  proposed  for  consideration,  including  the  AFTI 
F-16,  the  Variable  In-flight  Stability  Technology  Augmentation 
(VISTA)  F-16  and  UCAV  specific  demonstrator  platforms  based 
on  early  model  F-16s  (Figure  14).  We  also  have  suggested  a 
number  of  related  activities  to  include  storage,  supportability  and 
aerial  refueling  evaluations/demonstrations. 
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Figure  14.  Proposed  F-16  Based  UCAV  Demonstrator 
4.4  Derivative  Concepts 

Although  the  focus  of  our  efforts  has  been  on  all-new  vehicle  and 
system  concepts,  we  have  also  addressed  near  term  derivative  con¬ 
cepts.  Figure  15  is  an  example.  It  shows  how  an  early  I’CAV 
capability  might  be  developed  by  putting  a  thick.  60  foot  ( 1 8.2  ni) 
wing  on  an  early  model  F-16.  This  vehicle  would  be  capable  of 
carrying  fighter  si/c  external  payloads  but  ha\’e  unrcfucled  range 


and/or  endurance  that  w  ould  far  exceed  any  contemporary  fighter. 
As  a  consequence  we  have  dubbed  it  the  I.tuig  Fndtiranre  Deriva¬ 
tive  (I.F.D). 

It  would  have  the  capability  to  perform  long  endurance,  continu¬ 
ous  combat  air  patrol  (CAP)  type  missions  which  manned  fighters 
currently  fly  but  do  so  relatively  inefficiently  becatise  of  their  com¬ 
paratively  short  range  and/or  time-on-slation  It  is  well  known, 
for  example,  that  it  can  take  a  squadron  of  manned  fighters  to 
maintain  a  CAP  fi'r  a  24-hour  period.  As  shown  in  Figure  16,  a 
LFD-tvpe  stjuadron  could  maintain  1 2  CAPs  under  the  same  con¬ 
ditions.  In  comparison  to  contemporary  UAVs.  the  I  .FD  woulil  be 
able  to  perform  missions  which  are  not  possible  tod;iy  because  of 
payload  and/or  pow  er  and  cooling  constraints. 

5.  FI  TI  RF.  FORCE  MIX 

One  of  the  key  issues  facing  those  working  I'CAV  concepts  and 
technology  has  been  the  ijuestion  of  wh.it.  if  tinylhing,  the  system 
concept  might  be  calletl  upon  to  do  in  the  future.  Our  first  inclina¬ 
tion  was  to  survey  the  literature  for  guidance.  Nothing  substan¬ 
tive.  however,  was  found  Therefore,  we  elected  to  try  to  answer 
the  question  ourselves.  W'e  had  former  operators  on  our  IPT  and 
we  took  on  the  subject  using  their  background  and  experience  and 
lessons  learned  from  our  CC.AV  system  simulator. 


•  Block  15  Fuselage/Tail/Systcms 

•  Simple  Aluminum  Wing 

•  F-16  Compatible  Logistics 


Development  Cost: 

<100M 

Unit  Cost: 

<5M 

Operating  Cost  (per  FH): 

<S2200 

Sortie  Rate: 

2'3/Day 

Peacetime  Manning: 

75/Sqdn 

Combat  Manning: 

200/Sqdn 

Deployment  Footprint: 

TBD 

Wingtpan 

Empty  Weight 

Operating  Weight 

Fuel  Capacity 

HARM  Mission  Endurance 


60  ft. 

15,357  lb 
37,500  lb 
Up  to  21,900  Ib 
10*  hrs 
wf  2  Missiles 


LOCAAS  Mission  Endurance  6*  hrs 

w/  84  Weapons 

AMR&AM  Mission  Endurance  9*  hrs 

w/8  AIM'120 
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Figure  15.  F-16  Based  Long  Endurance  Derivative 


CAPS  Per  Squadron 


20 


10 


_ 

□  UCAV 

P  Manned 

Fighter 

15 

14 

12 

3 

_EI 

,  1  r-i 

Daily  Cost  Per  CAP 


S1.0M 


S500K 


L-o-J 

CAP  Location  From  Base  (min.) 


1 1000 


Deployed  Persons 
Per  CAP 


□  UCAV 

□  F-16 
■  F-15 


500 


' —  0^  ‘ — 3c|S  * — 60- 

CAP  Location  From  Base  (min.) 


□  UCAV 
a  F-16 
■  F-1S 


1 -  L— -0Q— 

CAP  Location  From  Base  (min.) 


B2590018-1 


Figure  16.  Long  Endurance  CAP  Capabilities 
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5.1  Manned  and  Unmanned  Mix 

Early  in  our  investigations  we  concluded  that  the  UCAV  would 
not  be  a  stand-alone  weapon  system.  The  tactical  air  environment 
is  too  complex  and  there  is  too  much  interdependency  among  the 
elements  of  the  tactical  force.  The  question,  therefore,  was  what 
role  might  the  UCAV  play  and  how  might  it  integrate  operation¬ 
ally,  logistically  and  technically  with  the  rest  of  the  tactical  force. 

Figure  17  shows  a  typical  tactical  air  battle  environment  in  which 
a  number  of  weapon  and  support  systems  interoperate.  Included 
are  air-to-air  fighters  that  provide  overall  air  superiority  over  the 
battlefield,  multirole  fighters  that  attack  a  range  of  targets  both 
fixed  and  mobile,  standoff  missiles  that  attack  heavily  defended 
ground  targets,  close  air  support  (CAS)  helicopters  and  aircraft 
that  operate  in  direct  support  of  ground  troops,  reconnaissance 
systems  to  provide  the  battlefield  commanders  with  information 
on  the  developing  tactical  situation  and  various  tactical  support 
assets  such  as  JSTARS  and  AWACS  that  help  tic  together  and  co¬ 
ordinate  the  overall  air  and  ground  battle.  Included  but  not  shown 
are  specialized,  highly-survivable  deep  strike  aircraft  that  carry 
the  air  battle  deep  into  enemy  territory  and  attack  critical  com¬ 
mand  and  control  and  other  specialized  targets.  Also  shown  is  a 
UCAV.  Its  role,  however,  is  not  defined  although  some  candidate 
roles  are  suggested  as  shown.  The  question  is:  are  these  the  right 
roles  and  missions  for  the  various  tactical  system  elements  if  and 
when  the  UCAV  becomes  a  viable  tactical  alternative? 
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Figure  17.  Projected  Future  Force  Mix 
5.2  Roles  and  Missions 

Based  on  the  studies  previously  referenced,  results  of  MITL  mis¬ 
sion  evaluations  and  qualitative  evaluation  of  potential  mission 
requirements  (Figure  18),  we  offer  for  consideration  our  prelimi¬ 
nary  assessment  of  potential  roles  and  missions  for  three  existing 
tactical  systems  (manned  fighters,  cruise  and  ballistic  missiles  and 
UAVs)  in  the  near  term  (2005-2010)  and  how  they  might  evolve 
in  the  longer  term  (after  2015)  as  a  result  of  UCAV  introduction. 

In  the  near  term  UCAV  should  have  only  minor  impact  on  the 
manned  fighter  and  cruise  and  ballistic  missile  forces.  One  reason 
is  our  projection  of  a  U.S.  defense  shortfall  that  will  materialize 


•  Information  Dominance 

-  Gather/Assess/Decide  in  Near  Real  Time 

-  Deny  Adversaries  Same  Capability 

•  Absolute  Air  Superiority 

-  Maintain  Freedom  From/To  Attack 

-  Increasing  Emphasis  on  Ballistic  and  Cruise  Missiles 

•  Persistent  Presence 

-  Continuous  Observation/Assessment 

-  Round-the-Clock  Planning/Attack 

-  Operate  Any  Time/Any  Weather 

•  Near  Instantaneous  Strike 

-  Anticipate/Dominate  Changing  Tactical  Situation 

-  Intimidate/Destroy  Time  Critical  Targets 

•  Minimum  Collateral  Damage 

-  Selective  Force  on  Specific  Targets 

-  Discrete  and  Dominant  Effect 

•  Minimum  Cost  and  Risk 

-  Lowest  Cost  Per  Kill  (or  Other  Mission  Objective) 

•  Maximum  Flexibility 

-  DeploymenlfEmployment 
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Figure  18.  Overall  Goals  &  Requirements 

during  the  period  2005-2015,  All  of  the  exi.sting  systems  in  the 
inventory,  therefore,  will  be  required  to  compensate.  Another  rea¬ 
son  is  our  assessment  that  UCAV  will  be  introduced  to  perform 
jobs  that  are  not  already  being  done.  Therefore,  assuming  that 
UCAV  has  gone  through  a  rigorous  technology  and  operational 
feasibility  and  effectiveness  evaluation  that  allows  it  make  a  suc¬ 
cessful  entry  into  the  force,  only  in  the  longer  term  would  we  ex¬ 
pect  to  see  an  impact  (as  shown  in  Figure  19).  From  the  fighter 
perspective,  we  project  that  the  most  significant  far  term  impact 
will  be  to  divert  fighters  away  from  one  traditional  mission,  attack 
of  fixed  ground  targets.  But  this  will  only  occur  if  UCAVs  have 
demonstrated  their  ability  to  execute  these  types  of  missions  and 
to  be  cost  and  operationally  effective.  We  see  a  similar  impact  on 
cruise  and  ballistic  missiles,  however,  we  project  that  upon  entry 
into  the  force,  UCAV  would  pick  up  low-threat,  fixed  target  attack 
missions  where  missiles  are  used  only  to  eliminate  any  risk  of 
crew  loss  or  capture.  In  the  longer  term,  we  project  that  UCAV 
would  pick  up  all  but  the  highest  threat  fixed  target  missions,  those 
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Figure  19.  Force  Mix  Evolution  -  Fighters  and  Missiles 
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that  from  a  survi\'ahility  vs,  cost  effectiveness  perspective  are  best 
left  to  expendable  systems  for  execution. 

In  the  near  term  LiCAV  shtnikl  have  little  impact  on  primarv'  I'RAV 
roles  and  missions  (Fieiirc  20).  Hich-altitode.  long-endurance  re¬ 
connaissance  and  surveillance  vs  ill  continue  to  be  a  critical  the¬ 
ater-wide  need  and  current  and  projected  URAVs  arc  ideally  suited 
for  this  mission.  The  only  exception  might  be  under  the  w  eather 
bomb  damage  assessment  (BDA).  a  mission  that  requires  an  ag¬ 
gressive  low-to-mcdium  altitude  flight  profile  to  survise.  There 
arc  also  secondary  missions  for  which  UCAV  may  be  better  suited. 
For  example,  there  have  been  reports  that  URAN's  are  being  evalu¬ 
ated  as  long-endurance  weapons  platforms.  Although  these  are 
only  studies  and  no  decision  has  been  made,  those  of  us  in  the 
tactical  aircraft  community  know  that  it  takes  a  lot  more  than  an 
external  hardpoint  and  desire  to  turn  an  air  vehicle  into  a  weapons 
platform.  Ejection  loads  and  dynamics,  flight  and  ejection  clear¬ 
ances,  stores  management  system  design,  reliability,  harness  rout¬ 
ing,  and  a  multitude  of  other  considerations  make  it  extremely 
difficult  to  adapt  a  vehicle  for  weapons  carriage  if  it  was  not  origi¬ 
nally  designed  for  this  role.  In  fact,  the  number  of  successes  can 
probably  be  counted  on  one  hand.  We  .suspect,  therefore,  that  these 
latest  attempts  will  meet  a  similar  fate  and  that  the  requirement 
will  be  met  by  near  term  llCAVs,  Another  secondary  LIR.AV  mis¬ 
sion  for  which  a  near  term  UCAV  may  be  well  suited  is  as  a  high 
power  communication  relay  and/or  support  jammer.  Bi'th  of  these 
missions  invohe  equipment  that  require  significant  amounts  of 
on-board  power  and  cooling  in  addition  to  their  weight,  volume 
and  required  aperture  areas.  We  suspect  the  current  generation 
URAVs  will  have  a  difficult  time  meeting  these  requirements  and 
that  they  too  will  be  met  in  the  near  tcmi  by  first  generation  I’C AVs 
such  as  our  LED  concept  (Figure  La). 


Although  not  specified  in  Figure  20,  almost  all  of  the  near  term 
UCAV  roles  arc  expected  to  be  air-to-ground.  The  only  possible 
exception  is  a  defensive  air-to-air  role  such  as  a  high  value  asset 
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b.irrier  CAP  as  currcnily  being  ficnvn  by  m.nnned  fighters  in  de¬ 
fense  of  AW.AC.S.  J.ST.ARS  and  other  polenii.illy  vulnerable  sup¬ 
port  platforms,  A  long  endurance  UCAV  carrying  BVR  missiles 
should  be  capable  of  performing  this  mission  more  cost  effectively 
than  a  manned  fighter  and  alhnv  the  latter  to  he  deployed  else¬ 
where  in  the  battlefield  where  on  the  scene  hum.an  presence  is  a 
more  critical  retiiiircment. 

In  the  longer  term,  uc  belicsc  that  new  URAVs  will  be  designed 
from  the  beginning  for  large  payloads  and  vsill  have  sufficient 
power,  cooling,  w  eight,  and  volume  margins  to  pick  up  some  mis¬ 
sions  from  near  term  UCAVs.  We  tlouhl.  howescr,  tlial  they  will 
be  sursivable  enough  at  low  altitudes  and/or  helow  the  weather 
and  that  this  regime  will  be  covered  by  UCAVs.  Oiherwise,  the 
UR.-W’s  should  continue  li'  be  the  premier  intelligence,  surveil¬ 
lance  and  reconnaissance  ev  es  and  ears  of  the  battlefield  and  na¬ 
tional  commanders.  And  in  the  longer  term,  we  expect  the  UC AV 
to  perform  a  w  ider  range  of  air-to-ground  missions  to  include  hav¬ 
ing  a  capability  for  finding,  identifying  and  attacking  mobile  tar¬ 
gets.  Traditional  air-to-air  missions,  however,  w  ill  probably  con¬ 
tinue  to  be  manned  fighter  territory. 

6.  PROC.RAM  APPROACH 

Tiirec  years  of  iniensix  c  RA  D  on  the  UCAV  concept  has  convinced 
us  that  an  all-new  UCAV  system  able  to  exploit  the  inherent  ad¬ 
vantages  and  disadvantages  of  m.mned  and  unmanned  systems  will 
be  required  to  achieve  the  full  potential  of  the  concept.  However, 
development  of  this  system  much  less  its  enabling  technologies 
cannot  take  place  in  the  absence  of  a  pood  set  of  design  and  opera¬ 
tional  requirements.  A  UCAV  development  program,  therefore, 
should  include: 


1 .  Operational  and  technical  esahnitions  using  simulation  and  flight 
experimentation  to  explore  a  general  UCAV  concept  of  opera¬ 
tions,  tactics  and  configuration-independent  design  and  technol- 
oey  requirements.  Included  would  be:  how  the  UCAV  would 
integrate  with  manned  aircraft  (niilitan,-  and  civil),  conneetiviiy 
issues,  command  and  control,  and  how  vehicles  would  be  stored, 
dcplovcd,  supported  and  rccos’cred.  There  arc  a  number  of  can¬ 
didate  vehicles  that  could  be  used  for  this  effort,  ranging  from 
existing  UAVs  to  manned  fighter-based  demonstrators.  The  out¬ 
put  to  this  I'CAV  thnist  would  be  a  generic  UCAV  concept,  les¬ 
sons  learned  from  simulation  and  flight  experiments  and  a  vali¬ 
dated  set  of  general  requirements  for  which  an  all-new  LICAV 
system  could  be  designed 

2.  All-new  LICAV  concept  development  and  demonstration.  This 
woidd  focus  on  configuration-specific  capabilities  and  technolo¬ 
gies,  For  example,  an  ultra-high  maneuverability  LICAV  would 
require  development  of  technologies  and  capabilities  unique  to 
that  concept.  While  its  capabilities  could  be  es  aluatcd  in  simula¬ 
tion.  no  existing  vehicle  could  emulate  its  unicjiic  flight  charac¬ 
teristics  miieh  less  evaluate  its  enabling  technologies.  The  out¬ 
put  of  this  LICAV  thnist  would  be  a  preferred  LICAV  concept,  its 
enabling  technologies,  lessons  learned  from  simulation  and  flight 
experiments  and  a  specific  set  of  requirements  for  an  operational 
LICAV  system. 


Figure  20.  Force  Mix  Evolution  -  UAVs  &  UCAVs 
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We  believe  it  is  essential  that  both  elements  should  be  included  in 
the  near  term  development  program  (Figure  21),  The  initial  flight 
evaluations,  however,  should  be  completed  before  first  flight  of 
the  all-new  concept.  This  would  provide  the  new  vehicle  with  a 
validated  overall  system  in  which  to  operate  and  let  its  flight  dem¬ 
onstration  focus  on  a  reduced  set  of  configuration-specific  issues. 
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Figure  21.  Phased  Program  Approach 


7.  CONCLUDING  REMARKS 

With  the  successful  conclusion  of  the  overall  UCAV  system  and 
configuration-specific  technology  demonstration,  we  believe  de¬ 
fense  planners  would  have  a  sound  basis  for  deciding  whether 
UCAV  is  a  viable  candidate  for  redressing  our  projected  future 
force  structure  shortfall.  If  a  near  term  shortfall  materializes,  it 
might  be  addressed  by  redesigned  or  productionized  versions  of 
the  demonstration  vehicles.  If  the  shortfall  is  less  time  critical, 
one  could  pass  on  the  intermediate  option  and  focus  all  resources 
on  the  all-new  system  concept.  Either  option  could  be  pursued 
knowing  that  the  key  issues  are  well  understood  and  that  a  real 
solution  that  meets  requirements  will  result. 
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LIST  OF  ACRONYMS 


ATBM 

C2 

C3I 

COMINT 

CONORS 

DSP 

ELINT 

HALE 

IR 

IRST 

LEO 

LWIR 

MTI 

MWIR 

NATO 

OOA 

SBIRS 

TBM 

UTA 

WMD 


Anti  Tactical  Ballistic  Missiles 
Command  and  Control 
Command,  Control, 
Communications,  Intelligence 
COMmunications  INTelligence 
CONcept  of  operations 
Defense  Support  Program 
ELectronic  activity  INTelligence 
High  Altitude  Long  Endurance 
InfraRed 

InfraRed  Search  and  Track 

Low  Earth  Orbit 

Long  Wave  InfraRed 

Moving  Target  Indicator 

Mid  Wave  InfraRed 

North  Atlantic  Treaty  Organization 

Out  Of  Area 

Space-Based  InfraRed  System 
Tactical  /  Theater  Ballistic  Missile 
Unmanned  Tactical  Aircraft 
Weapons  of  Mass  Destruction 


1.  SUMMARY 


This  paper  presents  the  concept  of  High  Altitude  Long 
Endurance  UTA  equipped  with  InfraRed  sensors  for  Tactical 
Ballistic  Missiles  (TBM)  detection  and  tracking. 


After  a  short  presentation  of  the  general  context  of  operations 
in  an  Anti  Tactical  Ballistic  Missile  (ATBM)  defense  system, 
the  IR  HALE  concept  is  depicted  in  its  technical  aspects  as 
well  as  in  ius  operational  aspects  : 

•  analysis  of  potential  "observable  features"  (signatures) 
of  missiles,  and  crossing  with  general  ATBM  defense 
needs  leading  to  introduce  the  IR  HALE  concept, 

•  analysis  of  its  potential  performance  levels  in  two 
major  observation  functions  (missiles  detection  and 
tracking),  derivation  of  a  preliminary  design, 

•  exploration  of  major  operational  features  (survivability, 

...), 

•  synthesis  of  these  elements  : 


-  analysis  of  defense  capabilities  in  typical  TBM 
"Out  of  Area"  scenarii. 

-  potential  roles  inside  global  ATBM  defense 
systems,  for  Early  Warning  and  Weapon  Systems 
commitment, 

•  description  of  the  command  and  control  segment  of 
such  a  system  and  its  integration  into  air  operations, 

•  brief  overview  of  the  other  missions  that  can  be 
envisioned  for  such  a  UTA. 

Concluding  remarks  highlight  the  position  of  the  IR  HALE 
UTA  concept  among  other  Early  Warning  /  Cueing  systems, 
both  in  terms  of  technical  performance  and  military  concept  of 
employment. 

2.  INTRODUCTION 


As  was  demonstrated  during  the  recent  Gulf  war.  attacks  of 
NATO  nations  troops  by  Theater  Ballistic  Missiles  are  now  a 
highly  probable  risk  in  Out  Of  Area  (OOA)  operations. 

Current  proliferation  monitoring  indicates  trends  that  will  lead 
non  NATO  nations  to  be  able  to  reach  the  southern  and  central 
part  of  Europe  by  using  medium  range  TBM  fired  from  their 
own  territory  :  current  indigenous  developments  in  Middle 
East  Area  and  South  Mediterranean  countries  (sometimes 
supported  by  North  Korean  help)  are  preparing  new  TBM  with 
ranges  of  KXX)  to  1500  km,  thus  capable  of  crossing  the 
Mediterranean  sea. 
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Status  and  evolution  of  TBMs'  proliferation. 


Several  studies  have  been  carried  out  in  France  in  order  to 
analyze  possible  postures  of  defen.se  and  needed  defense 
systems  against  such  a  threat. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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Al  the  end  ol'  Ihese  analyses,  the  ability  to  ensure  ballistic 
activity  monitorinji  in  peace  time,  btittlcneld  surveillance.  TBM 
detection  and  tracking  in  crisis  /  war  times  appears  to  be  the 
cornerstone  of  all  defense  policies,  whether  prevention, 
deterrence,  passive  defense  or  active  defense. 


CRISIS  S  WAR  TIME 


TBM  launches  detection  capability  as  the  cornerstone  of  all  defense 
postures. 


▲  At  TITUOr  (krr) 


MAX  RANGF  300  hm 

MAX  RANGF  6S0  km 

MAX  RANGF  1000  km 

BOO«^T  PHASF 

BOO«iT  PHASF 

BOOST  PHASF : 

40«S« 

60«S« 

70  1  00  « 

15  40km 

30  50  km 

60  60  km 

Short  range  TBM  trajectory  and  boost  phase  characteristics 


During  this  short  bo('st  phase  (typically  less  than  I.*!  '/(  of  the 
flight  duration),  the  missile  plume  delivers  very  intense 
InfraRed  emission,  especially  in  Mid  Wave  InfraRed  band 
(MWIR).  providing  a  high  signature  that  can  be  detected  even 
by  geosynchronous  satellite  systems  such  as  US  DSP  (Defense 
Suppi'rt  Program)  stitellites  that  Ku'k  at  them  over  earth 
background. 


Through  its  participation  in  these  studies.  AF.ROSPATIAI.F. 
has  highlighted  a  very  promising  new  concept  for  performing 
this  part  ofdcfcn.se  functions  (usually  called  Early  Wtirning  anti 
cueing  of  weapon  systems)  :  an  InfraRed  senstirs  equipped 
High  Altitude  Long  Endurtmcc  (HALE)  Unmtinned  Aerial 
Vehicle  (UTA)  should  have  impressive  operational 
performance,  while  being  "easily"  affordable. 

The  purpose  of  this  paper  is  to  present  the  overall  IR  HALF. 
UTA  concept,  both  in  its  technical  and  operationtd  aspects. 

At  the  inter.section  of  these  two  aspects,  the  presentation  will 
show  how  its  needed  technical  features  for  achieving  high  level 
performance  (especially  flight  altitude,  ...).  do  converge  with 
the  operational  use  requirements  and  constraints  (survivability, 
aircraft  control.  ...)  for  making  it  a  particularly  attractive 
concept. 

3.  ATBM  Architectures 
3.1  The  threat 

From  a  military  point  of  view',  Theater  Ballistic  Missiles  have 
been  shown  to  be  a  real  threat  during  Gulf  War,  Their  military 
efficiency  was  far  smaller  than  their  psychological  effects,  since 
they  were  equipped  with  conventional  warheads,  but  the  use  of 
WMD  warheads  (Weapons  of  M;iss  Destruction)  such  as 
chemical  ones,  rcprc.scnts  a  high  prohibility  /  high  lethal  risk  in 
future  comparable  conllicts. 


The  burmiut  event  does  not  necessarily  mean  the 
disappetirance  of  the  missile  InfraRed  sigmiture  since  some 
parts  (d'  it  were  heated  during  the  ascent  phase  in  the 


TBM  plume  and  structures  emissiuns  in  IR  wavelengths. 


Indeed  the  healing  of  the  nose  part  leads  to  high  level  InfraRed 
signatures  (nu'stly  in  MT.WIR  :  Mid  ti'  Long  Wave  InfraRed 
band),  with  high  contrast  when  observed  against  a  sky 
background.  This  signature  remains  ciuite  const.anl  during  the 
ballistic  phase,  making  it  possible  to  track  the  missile 
throughout  this  phase.  This  drives  for  example  the  US  concept 
SBIRS  LEO  (Space  Based  InfraRed  Sensors  -  Low’  Earth 
Altitude  .satellite  system  :  former  Brillitmi  Eyes  system). 


From  a  technical  point  of  view',  many  countries  now  have  the 
capability  of  deploying  and  using  Theater  Ballistic  Missiles 
with  ranges  varying  between  120  km  and  more  than  2(KX)  km. 

Such  missiles  usually  have  a  nominal  apogee  altitude  which  is 
about  2.'i  7t  of  the  range,  i.c.  K'lwecn  30  and  .“KK)  km  of 
altitude. 

Initial  boost  pha.sc  may  last  between  20  to  120  s.  and 
corrclativciy  burnout  may  occur  bctw’ccn  10  and  L'iO  km 
altitude,  depending  on  the  missile  range,  the  nuntber  of  stages 
and  the  nature  of  the  propellant  (liquid  or  solid). 


As  the  missile  flight  in  the  ballistic  phase  is  fully  deterministic, 
very  simple  algorithms  (typically  based  on  Kalman  principles) 
give  high  precision  trajectory  prediction,  even  with  a  rather 
small  number  of  medium  accuracy  measurements  ... 

3.2  ATBM  defense  systems  functions  and  architectures 

Ass<x'iated  to  the  different  possible  defense  policy  in  front  of 
TBM  attacks. 

passive  defense,  .sending  threatened  people  into 
shelters. 

active  defense,  committing  interceptors  agtiinsl 
inconiine  missiles. 
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or  countcrforcc,  sending  attack  weapons  against 
TBM  launch  sites  or  aggressor's  high  value  sites. 

The  required  functions  for  ATBM  defense  systems  are  : 

•  TBM  launch  surveillance  and  [early]  detection  (Early 
Warning), 

•  TBM  launch  site  location, 

•  Threatened  sites  /  areas  determination  through 
ballistic  trajectory  prediction, 

•  TBM  inflight  destruction  by  interception  systems. 

If  we  consider  not  only  the  crisis /war  phase  of  conflicts 
involving  Tactical  Ballistic  Missiles,  but  also  peace  time,  some 
other  essential  missions  must  be  added  for  ATBM  defense 
systems,  related  to  Intelligence  function  ; 

•  ballistic  activity  (flight  tests  surveillance, 

•  TBM  technical  characterization  (intelligence  purpose 
;  defense  readine.ss  improvement. ...). 

«Classical»  ATBM  architectures  for  meeting  these  needs  arc 
made  of : 

-  Early  Warning  Satellite  Systems  (such  as  US  DSP), 
in  charge  of  wide  area  surveillance,  TBM  launch 
detection  &  location  through  IR  plume  signature  ; 
their  ability  to  predict  the  ballistic  trajectory  and 
estimate  impact  point  location  is  generally  rather 
limited. 

-  Medium-Long  Range  radars  also  capable  of 
surveillance,  and  generally  dedicated  to  the  accurate 
tracking  of  TBM  in  order  to  provide  precise  estimate 
of  impact  point  and  precise  cueing  data  for 
interceptors  guidance.  These  radars  arc  themselves 
often  cued  by  the  Satellite  System. 

-  One  to  several  families  of  interceptors  :  theater  high 
altitude  interceptors  (see  US  Navy  Theater  Wide.  US 
THAAD,  ...),  or  low  endo  interceptor  systems  such 
as  US  Patriot  /  ERINT,  Aster  missile  (Fr  /  It),  where 
the  interceptors  arc  associated  to  smaller,  dedicated 
"Fire  Control  Radars".  Due  to  the  small  size  of  the 
defended  area  they  provide,  the  latter  arc  usually 
called  "Point  Defense  Weapon  Systems". 

These  interceptors  families  may  be  deployed 
simultaneously  on  a  given  theater,  for  enhancing 
defense  efficiency  through  successive  layers  and 
shoot-look-shoot  policy. 


ATBM  "usual"  architectures 


3.3  Introduction  of  InfraRed  Airborne  sensor  systems  in 
ATBM  architectures 

When  we  look  at  needed  functions  in  an  ATBM  defense 
system  and  at  the  "observable  features"  of  Tactical  Ballistic 
Missiles  that  arc  described  here  above,  we  can  rapidly  imagine 
a  conceptual  observation  system  fuUiUing  a  large  number  of 
needed  observation  functions. 

Indeed,  since  TBM  plumes  can  be  detected  from 
geosynchronous  orbit,  by  sensors  looking  for  them  against 
earth  background,  they  should  be  detected  by  comparable 
sensors  placed  on  aerial  platforms,  and  looking  for  them 
against  [less  emissive  and  less  cluttered]  limb  /  sky  background 
;  the  penalty  due  to  transmission  losses  on  a  rather  horizontal 
line  of  sight  will  not  lead,  of  course,  to  a  36000  km  detection 
range  (which  Ls  not  needed  in  that  ca,se  !),  but  transmission 
laws  indicate  that  today  achievable  high  flight  altitudes  lead  to 
«high»  transmission  ci')efficients. 

Moreover,  the  observation  configuration  of  InfraRed  sensors 
on  airborne  platforms  is  particularly  favorable  for  targets 
tracking  after  their  burnout,  as  we  have  already  mentioned. 
The  contrast  against  sky  background  is  high,  while 
transmission  rate  improves  with  line  of  sight  elevation. 

Thus  appears  the  concept  of  «Early  Warning  /  Early  Tracking  / 
Early  Cucing»  InfraRed  High  Altitude  airplane. 

Starting  from  these  assessments  about  general  principles,  our 
technical  analyses  did  confirm  the  high  performance  levels  that 
it  can  achieve,  and  led  us  to  go  further  into  overall  design  and 
evaluation. 


4.  PERFORMANCE  AND  DESIGN  OVERVIEW 

4.1  Detection  and  tracking  performance 

The  two  major  parameters  which  determine  the  detection 
range  of  an  IR  airborne  sensor  looking  for  TBM  plumes 
against  limb  /  sky  background  arc  ; 

•  the  sensor  IR  observation  wavelength  band, 

•  the  platform  altitude. 

The  choice  of  the  first  parameter  is  driven  by  the  spectral 
characteristics  of  plume  emission  (depending  on  propellant 
nature  :  liquid  /  solid),  the  spectral  characteristics  of 
atmosphere  absorption  on  the  line  of  sight,  and  the  spectral 
characteristics  of  background  emission  (mean  level  and 
clutter).  In  that  area,  the  trade-off  analysis  leads  to  privilege 
the  MWIR  band. 

The  choice  of  the  second  parameter  is  driven  by  two  factors, 
the  [lowest]  integrated  transmission  on  the  line  of  sight,  and 
the  [lowest]  risk  of  presence  of  clouds  on  the  line  of  sight.  Of 
course,  the  first  of  these  two  factors  has  to  be  selected  in 
relation  with  the  IR  band  selection. 

IR  transmission  rate  variations  as  a  function  of  the  sensor 
altitude  show  that  TBM  plume  detection  ranges  do  increase 
when  platform  altitude  varies  from  15  to  18  km,  and  has  less 
significant  incrca.se  when  taking  higher  altitudes. 

The  non-interception  of  the  line  of  sight  by  clouds  means  as 
well  that  the  platform  must  fly  over  15-16  km  (especially  in 
subtropical  area). 
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So,  tlic  firsl  essential  conclusion  is  drawn  :  the  IR  sensor  in 
charge  of  TBM  plume  detection  has  to  be  carried  til  rather  high 
altitudes,  typically  18  km  and  higher. 

In  thc.sc  conditions,  estimated  pcrrorniance  is  very  impressisc  : 
TBM  plume  detection  range  is  found  between  6(H)  and  8-9(K) 
km.  depending  on  the  TBM  chiss  (from  SCUD  B  /  Al  Husasm 
class,  having  a  range  of  around  .^(K)/6(K)  km.  to  longer  range 
missiles  with  ranges  up  to  2.(HK)  km  and  more).  The  detection 
range  is  comparable  with  (sometimes  higher  than)  the  missile 
range  ... 

As  far  as  the  detection  and  tracking  ol'  TBM  structures  after 
booster  burnout  is  concerned,  the  IR  band  tratle-oft  analysis 
calls  for  slightly  higher  wtive  lengths,  while  tracking 
performance  (imptict  point  early  and  accurate  prediction) 
makes  it  necessary  to  reach  high  ohsersation  elevations 
typically  60"  or  more. 

Tracking  ranges  are  estimated  to  he  tpiite  ct|uivalent  to  plume 
detection  ranges  on  current  pndiferated  missiles,  so  that  a 
continuous  detection  and  tracking  process  can  K-  envisioned, 
on  the  first  part  of  TBM  llights  (up  to  apogee  area) 


IK  HAI.K  U  TA  :  TUM  detection  and  tracking  general  principles 


IK  HAI.K  IITA  Detection  and  tracking  range  performance  on 
a  600  km  range  TBM 


In  terms  of  trajectory  prediction  accuracy,  the  results  obtained 
arc  impressive  as  well  :  impact  point  predictions  with  accuracy 
better  than  5  km  (diameter)  arc  delivered  before  the  TBM 
reaches  its  apogee,  so  that  the  remaining  time  for  alerting 
populations  or  troops  in  the  estimated  area  nmges  from  to  6 
minutes,  depending  on  the  TBM  range  (.^(K)  to  2(KK)  km).  This 
is  also  the  time  available  for  preparing  the  actpiisition  of  the 
target  by  ATBM  Point  Defense  Weapon  Systems 

Thc.sc  results  arc  obtained  by  simply  using  one  passive 
InfraRed  Search  and  Track  .sensor  (IRST).  i.c.  without  need 
for  distance  measurement  (which  could  be  provided  by  Laser 
rangefinder),  and  even  without  need  for  stereoscopic 
oKservation  (which  would  retpiirc  the  association  of  two 
airborne  systems  for  each  surveyed  area  and  thus  midtiply  the 
number  of  loitering  airplanes  by  a  factor  greater  than  two) 


The  gtiins  assessed  in  presence  of  Laser  rangefinder  and/or 
stereoscopic  obsersation  are  significant  in  terms  of  trticking 
duration,  more  than  in  terms  of  fintil  ticctiracy. 


Single  sensor 
observation 

Stereo  observation 
or  laser  telemetry 

Flight  duration 

445  s 

445  s 

Apogee 

163  km 

163  km 

Time  tor  Apogee 

250  s 

250  s 

Impact  with  10  km 
error 

213  s/ 155  km 

110  s  /80  km 

Time  before 
impact 

232  S 

335  s 

Tnu'king  arruracy  scipu  ncf  vs  iihsi-rvalion  lainfigiiratinn 


Sincle  passive  observer  performance  appears  to  be  generally 
sufficient  in  that  areti  of  alert  delay,  so  that  the  other  two 
solutions  d('  niU  really  bring  anything  mcire.  The  single  ptissive 
observer  is  then  our  basic  assumption  in  the  next  paragraphs. 

4.2  Design  overview 

Pievioiis  elements  define  the  primary  ret|tiiremetits  for  the  IR 
sensors  and  High  Altitude  airplane  design. 

Associated  with  a  certain  permanency  needed  in  surveillance 
operations,  the  objective  of  overall  operations  cost  reduction 
means  searching  for  a  small  number  of  airplanes  on  the  ground 
per  airplane  in  fiight.  which  leads  to  Long  F.ndurance 
ret|uirements.  Cost  analyses  and  confrontation  with  capabilities 
offered  today  by  aeronautic.il  technologies  make  it  quite  easy 
t('  design  airplanes  with  24  hours  and  nnwe  loitering  duration. 

Such  night  dtiration  and  the  interest  of  not  htiving  large 
pressurized  volumes  on  such  airplanes  pull  ti'wards  unmanned 
airenift  solutions, 

r/i/o.  llic  concept  becomes  ntiliirtilh  tin  IR  Hipli  Allitiitlc  Ijini^ 
Eniinnmcc  Unmanned  Tactical  Aberaft  (IR  HALE  UTA). 

Preliminarv  design  studies  of  b.'KKM)  ft  IR  HALF'.  lITAs  have 
been  underttiken  for  enstiring  the  concept's  feasibility, 
invent('rying  the  technical  difficulties,  confirming  system 
perforni.ance.  and  estimating  costs  and  development  / 
acciuisiiiisn  schcdides. 


Tactical  Aircraft  conceptual  design. 

These  studies  htive  led  to  2  major  design  options,  as  fat  as 
sensor  integration  is  concerned  ; 
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•  a  «double  pod»  design,  with  : 

-  one  pod  mounted  (partially  included  inside  the 
airframe)  under  the  aircraft,  and  in  charge  of 
360°  azimuth  surveillance.  This  sensor  is  looking 
in  horizontal  directions  and  slightly  downwards 
in  a  small  elevation  angular  sector  (a  few 
degrees).  Its  role  Ls  TBM  plume  detection,  and 
cueing  preparation  for  rapid  acquisition  by  the 
top  mounted  sensor. 

-  one  second  pod  mounted  (partially  included  as 
well)  on  the  top  of  the  airframe.  Its  sensor  Ls  in 
charge  of  TBMs  tracking  at  the  end  of  their 
boost  pha,se  and  during  their  ballistic  pha.se.  Its 
rather  small  Field  Of  View  (a  few  degrees^),  is 
mechanically  moved  in  a  large  Field  Of  Regard 
(up  to  60"  and  more  in  elevation  ;  360"  in 
azimuth). 

This  «double  pod»  design  provides  for  large 
surveillance  and  tracking  .sectors,  only  limited  by 
rather  small  airframe  masks.  But  its  major  drawback 
is  the  penalty  on  the  aircraft  drag,  compared  with 
following  more  integrated  design. 


•  a  «nose  mounted»  design,  with  two  similar 
instrument  solutions  placed  in  front  of  the  aircraft. 

This  design  gives  smaller  [azimuth]  Fields  Of  Regard 
because  of  large  rear  mask  due  to  the  airframe,  but 
this  ean  be  compensated  by  use  of  adapted  loitering 
profiles  (such  as  «8  shaped  trajcctorics»),  when 
surveillance  Ls  not  needed  in  a  360°  azimuth  angle. 
One  of  its  major  advantages  is  the  fact  that  the 
.sensor  is  fully  integrated  inside  the  airframe,  which 
gives  better  aerodynamical  performance  and  offers 
opportunitie.s  for  using  the  platform  as  a  multimission 
one  (design  of  removable  payload). 


5.  IR  HALE  UTA  OPERATIONAL  FEATURES 
5.1  A  «natural»  survivability  ... 


-  its  high  loitering  altitude  (65.(XK)  ft)  makes  it 
unattainable  by  most  of  Air  Defense  Weapon  systems 
in  the  world. 

The  primary  reason  for  this  high  survivability  in  a 
large  number  of  [low  to  medium  Air  Defense  threat 
level]  seenarios  is  its  low  detectability  :  the  needed 
cruise  altitude  is  above  current  radars  search  ceiling, 
and  robustne.ss  against  possible  (certain  !...) 
improvements  of  these  radars  can  be  achieved  by 
applying  .simple  stealth  design  rules. 

Moreover,  the  ob.servations  through  a  fully  passive 
sensor  do  not  mark  the  presence  of  the  aircraft  : 
discretion  is  an  other  virtue  of  the  concept ... 

Let's  add  that  even  in  ca.se  of  detection,  the  high 
flight  altitude  of  the  platform  is  also  a  protection 
against  the  majority  of  interceptors  in  the  world, 
being  above  their  flight  domain. 

Thc.se  features  let  us  envision  a  safe  use  of  the  UTA 
very  close  to  or  even  over  hostile  territories,  in  a 
great  number  of  scenarios. 

-  in  front  of  highly  defended  territories,  a  stand-off 
distance  from  hostile  territory  must  be  kept.  But, 
even  in  the  worst  cases  (for  instance  presence  of  SA- 
12  Air  Defen.se  systems),  the  subtraction  of  the 
needed  stand-off  distance  from  the  sensors  detection 
and  tracking  range  still  provides  for  a  long 
observation  depth  inside  the  surveyed  area  :  typically 
400  to  6-7(X)  km. 

5.2  A  useful  flight  altitude ... 

The  high  flight  altitude,  provides  an  additional  advantage 
(useful  only  when  loitering  is  over  allied  territories) :  it  is 
higher  than  Controlled  Airspace  ceiling,  so  that  operations  can 
be  achieved  in  a  total  free  way  between  the  climb  and  descent 
pha.ses. 

Nevertheless,  this  does  not  mean  the  absence  of  any  control 
during  the  cruise  phase  :  platform  /  payload  integrity  and 
mission  controls  remain  of  course  necessary  ! 


6.  IR  HALE  UTA  CONCEPT  OF  OPERATIONS 
6.1  Deployment  analysis 

Short  term  scenarios  will  involve  TBM  with  ranges  lower  than 
or  just  exceeding  the  IR  HALE  UTA  detection  range  :  from 
SCUD  B  missile  to  No-DONG  missile.  Except  in  the  case  of 
the  latter  one,  shot  against  targets  very  close  to  the  enemy 
area’s  border,  the  IR  HALE  UTA  range  will  be  sufficient  for 
operating  clo.se  to  the  border,  with  the  adapted  stand-off 
distance  if  necessary. 


Defen.se  systems  design  does  not  often  bring  such  converging 
technical  and  operational  features  as  the  IR  HALE  UTA. 

As  a  matter  of  fact,  its  needed  technical  characteristics  lead 
naturally  to  a  high  survivability  level : 


In  most  envisionable  Out  Of  Area  conflict  scenarios,  the  border 
or  coast  length  is  not  longer  than  1,(XX)  to  1,5(X)  km,  so  that 
surveillance  of  TBM  launches  can  be  performed  by  up  to  three 
loitering  HALE  UTAs. 

However,  in  the  future  or  today  in  some  particular  cases, 
proliferating  countries  will  be  capable  of  in  depth  attacks  from 
in  depth  (on  their  own  territory)  launch  pads.  In  that  case, 
additional  (typically  one  or  two)  systems  will  be  needed  for  in 


7-6 


depth  surveillance,  cither  by  Hying  over  enemy  territory  or 
from  rear  allied  territories. 

Lx;t's  note  here  that  the  li>ng  endurance  of  the  HALE  UTA 
eoneept  makes  it  possible  to  have  one  common  base  for  all 
UTAs  in  such  a  configuration  :  indeed,  the  long  loitering 
endurance  can  be  partially  traded-off  for  projection  range. 
When  surveyed  countries  arc  not  too  far  from  NATO  nations 
(for  instance  South  Mediterranean  countries)  this  principle  can 
even  be  applied  by  simply  using  homeland  airbases ... 

Thc.se  estimates  .set  the  maximum  number  of  needed  systems 
for  ensuring  the  surveillance  of  one  among  the  largest 
countries  : 

•  8  to  10  airborne  systems  (.^  to  4  loitering  ones  + 
ones  needed  for  rotations  ensuring  long  time 
permanency). 

•  3  to  4  associated  ground  .segments  (operations 
plus  support). 

6.2  A  central  role  in  ATBM  defense  systems 

IR  HALE  UTA  systems  are  not  only  interesting  thanks  to  the 
si/c  of  the  crivcragc  they  provide  for  TBM  launch  surveillance, 
but  we  must  underline  here  the  tremendous  .set  of  services  they 
can  offer  in  an  ATBM  defense  system  : 

•  In  peace  and  crisis  time  : 

1.  Proliferation  Monitoring  through  Wide  Area 
Surveillance  of  ballistic  activity  (detection  of  fiighl 
tests  in  proliferating  countries,  launch  pads  location. 
...), 

2.  Proliferating  missiles  technical  characterization  :  range 
performance  measurement.  plume  signature 
measurements,  btioster  staging  counting,  warhead 
.separation  pha.sc  analysis,  counting  and  signature 
measurements  of  objects  present  in  the  ballistic  phtisc 
(warhead,  last  boost  stage,  shroud  pieces,  .separation 
device  pieces.  ...  that  arc  potential  pcnctrati('n  aids  int(t 
defcn.se  system  ;  intentional  penaids ...). ... 

All  of  this  is  dedicated  both  to  the  characterization  of 
the  attacking  country's  tcchntdogical  level  and  to 
improve  defense  systems  readiness  in  ease  of  conflict 

•  In  crisis  /  war  time  : 

3.  IQuitc]  Wide  Area  Survcilhmcc  and  Early  Warning 
(quite  as  early  as  Space  Based  systems  such  as  US 
DSP), 

4.  TBM  launch  pad  location, 

5.  TBM  type  classification  /  identification  (depending  on 
peace  time  observation  campaign  measurements  and  on 
the  dispersion  of  targets  technical  parameters), 

6.  TBM  impact  area  [early  &  precise!  estimate  :  the 
performance  level  is  similar  to  performances  that 
achievable  by  radars  ;  the  IR  HALE  UTA  takes 
advantage  of  its  forward  deployment  for  providing 
accurate  estimates  very  early. 

7.  Terminal  Point  Defense  weapon  systems  [early  & 
prcciscl  .selection  and  cueing. 

8.  Area  Defcn.se  Weapon  Systems  radars  [early  & 
prcciscl  .selection  and  cueing,  and.  in  some 
configurations,  direct  cueing  of  Area  Defense 
Interceptors. 

9.  Theater  Exoalmospheric  Interceptors  direct  cueing  ; 
we  have  to  note  here  that  the  IR  HALE  UTA  is  one  of 
the  best  .solutions  for  allowing  the  earliest  commitment 


of  such  interceptors  (especially  if  they  arc  themselves 
in  forward  positions),  and  thus  allowing  them  to 
perform  the  interccpli('ns  early  in  TBM  Right  (in 
Ascent  Phase,  before  the  apogee)  :  in  such  comlitions. 
they  can  protect  tremendous  areas. 

10  .Significant  participation  in  warhead  discrimination 
among  all  objects  present  on  ballistic  trajectories  close 
ti'  one  another  (see  point  2  abtne)  :  the  IR  tracking 
.sensor.  mavK’  associated  with  additional  sensors  on 
the  platform  that  would  use  other  wavelengths,  is  a 
valuable  means  at  least  lor  separating  hetivy  bodies 
from  lighter,  less  emitting  ones.  This  is  very  helpful  for 
limiting  the  nuniK’r  of  objects  tracked  and  .seen  as 
potent i;il  wtirheads  by  termintil  raihirs,  anti  thus  limiting 
the  number  of  engaged  interceptors. 

.Si>.  while  points  1.  2.  3.  4.  and  (partially)  6  make  the  IR  HALE 
UTA  concept  competitive  compareti  with  geosynchronous 
stiielliie  systems  as  far  as  technical  capabilities  are  concerned, 
points  5  to  10  make  it  cletirly  competitive  compared  with  radar 
systems  or  highly  sophisticated  Low-Etirth  Orbit  optical 
systems. 


IK  HAI.K  UTA  ll|ili/iitii)ns  summary 


When  we  add  to  this  assessment  the  fact  thtit  the  cstim.ated 
ac(|uisition  costs  .seem  to  be  3  to  4  times  lower  than  those  for 
medium  range  rad.ir  systems  or  a  gco.synchron<nis  Early 
Warning  satellite,  and  at  least  one  order  of  magnitude  lower 
than  LEO  satellite  systems,  the  concept  becomes  really 
attractive  I 

6.3  Utiliz^ition  concept  -  Comparison  with  satellites  and 
radars 

In  fact,  this  preliminary  ci'nelusion  htis  to  he  bakinced  against 
the  analysis  of  «ideab'  utilization  conditions  of  each  alternative 
system. 


Let's  take  as  first  example  the  comptirison  K'tween  a  .Space- 
Based  (geosynchronous)  IR  Early  Wtirning  system  and  IR 


HALF,  UTA. 
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The  satellite  system's  undeniable  value  comes  from  the 
following  major  features  : 

•  its  ability  to  ensure  permanent  surveillance  over  very 
long  periods  (years)  without  any  "heavy"  ground 
support, 

•  the  [very  large]  size  of  the  areas  its  Field  Of  View 
permits  to  survey, 

•  its  total  survivability  versus  proliferating  countries’ 
attack  capabilities, 

•  its  absolute  stealthiness  /  discretion  which  allows  its 
owner  to  survey  any  country  without  being  detected. 

Let's  add  as  well  the  following  obvious  assessment  ;  having  its 
wide  Field  Of  View,  the  satellite  system  is  a  true  stand  alone 
surveillance  system,  whereas  the  IR  HALE  UTA  requires  a 
preliminary  «alert»  for  being  committed  on  its  operation 
theater  :  alert  coming  from  intelligence  sources,  or  even 
directly  from  activity  detection  by  space-based  assets. 

AH  of  this  underlines  in  fact  the  usual  special  status  of  Early 
Warning  satellite  systems  as  sovereignty  instruments. 

Its  major  limitations  lie  in  the  fact  that  it  can  observe  only 
TBM  boost  phase  (which  leads  to  poor  Impact  Point 
Prediction  performance),  and  only  if  the  burnout  docs  not 
occur  loo  early  ;  loo  short  range  missiles  cannot  be  delected  by 
space-based  Early  Warning  systems. 

As  far  as  the  radar  is  concerned,  the  positioning  distinction  in 
terms  of  utilization  concept  Ls  less  clear,  since  both  systems 
(radar  and  IR  HALE  UTA)  may  fulfill  exactly  the  same 
functions  in  an  ATBM  defense  system.  Yet,  let's  mention  the 
following  slight  differences  : 

•  a  better  Early  Warning  capability  for  the  UTA,  due  to 
its  flight  altitude  and  its  «natural»  forward  deployment 
(threat  is  detected  a  little  bit  earlier  in  its  boost  phase), 

•  a  more  rapid  deployment  for  the  UTA  (operationally 
available  in  a  few  hours  after  projection  decision  versus 
a  few  days  for  the  radar), 

•  the  discretion  of  UTA  in  its  operations. 

•  the  ability  to  detect  very  short  range  TBMs  for  the 
radar  (their  detection  by  IR  HALE  UTA  is  not  certain, 
due  to  TBM  low  burnout  altitude  and  the  decrease  of 
UTA  detection  capability  when  the  targets  arc  flying 
over  earth  background). 

•  probably  better  threat  characterization  capability  for 
the  radar, 

•  larger  adaptation  capabilities  for  the  radar  in  the  field 
of  discrimination  (thanks  to  possibilities  like  waveform 
adaptation,  in  real  time  or  day  after  day  in  a  conflict). 
In  fact,  detailed  analysis  of  discrimination  function  in 
front  of  proliferating  TBMs  should  lead  us  to  consider 
that  these  two  observation  systems  are  more 
complementary  than  rival  systems,  for  this  function. 


7.  GROUND  SEGMENT  AND  SYSTEM  INTEGRATION 

All  elements  are  now  gathered  in  this  short  briefing  for  dealing 
with  the  question  of  physical  and  operational  integration  into  a 
global  defense  system. 

HALE  UTA  is  both  a  «classical»  UTA  in  some  aspects  and  a 
totally  non  classical  one  in  some  other  aspects. 

Indeed,  it  is  a  classical  UTA  in  the  sense  that : 

•  it  will  fly  within  the  atmosphere,  the  air  traffic  during 
climb  and  descent  phases  and  in  consistency  with  air 
operations  during  its  whole  flight.  It  is  to  be  developed 
taking  into  aecount  all  the  constraints  coming  from  this 
environment, 

•  Its  C2  system  will  have  to  be  compatible  with  existing 
or  future  Air  Defense  C3I  systems  in  order  to  be  able 
to  give  as  quickly  as  possible  the  right  information  to 
the  right  user. 

As  for  all  other  concepts  (Medium  Altitude  Endurance  UTA, 
piloted  observation  aircraft,  ...)  these  two  main  characteristics 
have  to  be  taken  into  account  from  the  early  definition  phase. 

But  besides  this,  two  major  features  make  it  different  from  the 
majority  of  the  other  concepts  : 

•  firstly  its  very  long  endurance  allows  patrols  with  a 
duration  longer  than  Air  Ta.sking  Orders  (and  moreover 
all  other  sub.sequent,  lower  level  tasking  orders)  renewal 
rate  :  thus  the  HALE  UTA  system  must  be  able  to 
respond  to  inflight  retasking,  which  is  not  nece.ssary  for 
other  surveillance  or  recce  systems, 

•  secondly,  its  long  projection  range  and  its  operation 
range  once  projected  make  it  necessary  to  have  .several 
types  of  links  for  all  ground-to-board  or  board-to-ground 
communications  links.  Data  transmission  and  reception 
must  be  achievable  : 

-  through  satellite  datalink  or  airborne  relay  (other 
HALE  UTA  ...)  during  long  distance  projection 
operations,  and  in  surveillance  phases  when  the  aircraft 
Is  deployed  too  far  from  its  C2  base  :  for  instance 
during  proliferation  monitoring  operations  such  as 
flight  tests  detection  in  peace  lime,  when  one  does  not 
want  to  indicate  the  use  of  the  system,  and  make  it 
operate  from  a  homeland  ba.se.  Let's  mention  here  that 
observation  data  do  not  systematically  require  high  rate 
datalinks,  and  that  the  aircraft  can  be  equipped  with 
onboard  recorders  for  peace  time  intelligence 
operations. 

-  through  direct  insight  datalink.  This  link  is  at  least 
necessary  in  take-off  and  landing  pha.ses,  and 
preferable  in  climb  and  descent  phases  when  terrain 
topography  permits  it, 

-  directly  with  airborne  C3  systems  (AW ACS  airplane, 
...),  when  present,  for  allowing  immediate  integration 
of  ballistic  events  in  tactical  situation  and  immediate 
appropriate  reactions. 

Of  course,  due  once  more  to  the  UTA  long  endurance, 

inflight  reconfigurations  of  these  connections  must  be 

possible. 
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Need  for  various  possibilities  of  links  (control  &  sensor  data  ). 


depending  on  scenarios  and  their  phases. 

8.  HALE  UTA  OTHER  POSSIBLE  MISSIONS 

Before  underlining  the  major  conclusions  that  we  draw  from 
ihi.s  brief  overview  of  the  IR  HALF  UTA  concept  (and  from 
longer  studies  we  have  carried  out  ...).  wc  have  to  highlight 
that  if  the  TBM  launch  detection  mission  requires  high 
operation  altitudes,  these  altitudes  are  also  of  major  interest  in 
several  other  surveillance  missions. 

Indeed,  besides  the  operational  advantages  (survivability,  flighi 
over  controlled  airspace)  provided  by  these  llight  altitudes, 
some  mi.ssions  also  take  advantage  of  the  wide  area  covered  : 

•  Ground  Surveillance  missions  : 

-  Synthetic  Aperture  Radar  images  generation. 

-  ground  mobile  target  detection  (MTI  :  Moving 
Target  Indicator). 

-  Adverse  communications  and  radar  monitoring 
(COMINT.  FLINT). 

Let's  note  that  high  altitude  often  allows  higher 
resolution  or  target  location  precision  in  areas  between 
nadir  and  oKservation  range  than  lower  (and  closer) 
flying  systems,  thtinks  to  projection  effects 

•  Ground  to  ground  communications  relay  missions. 

Analysis  of  payload  volume,  mass  and  required  power  supply 
in  such  missions  shows  that  they  are  quite  comparable  with  one 
another  and  with  IR  TBM  detection  &  tracking  paylmid.  so 
that  one  can  envision  the  possibility  of  a  common  generic 
airplane  with  removable  payload  ;  this  would  lead  to  a  much 
higher  number  of  airframes  and  overall  aeronautical  segment 
and  thus  to  a  significant  reduction  in  their  costs 

9.  CONCLUSION 

The  InfraRed  High  Altitude  Long  Endurance  Unmanned 
Tactical  Aircraft  (IR  HALE  UTA)  appears  clearly  to  he  a  very 
promising  near  term  .solution  for  fulfilling  a  large  number  of 
needed  functions  in  Anti  Tactical  Ballistic  Missile  (ATBM) 
defense  systems. 

Placed  somewhere  between  geosynchronous  space-based  Early 
Warning  assets  and  TBM  surveillance  Iground  based]  radars, 
they  cumulate  capabilities  offered  by  these  two  kinds  of 
systems  :  early  detection  of  missile  plumes  like  the  first  ones, 
and  target  tracking  during  their  ballistic  phase,  allowing 
accurate  Impact  Point  Prediction  and  handover  to  terminal 


intercept  Weapon  Systems  or  directly  to  Theater  Wide 
interceptors,  like  the  latter  ones. 

Moreover,  K'ing  easily  and  rapidly  deployed  at  long  ranges  as 
well  as  being  highly  survivable  they  represent  an  essential 
surveillance  means  in  peace  time,  for  proliferation  monitoring 
and  technical  TBM  intelligence  data  gathering. 

Being  capable  of  long  detection  ranges  (6(K)  to  S-OtK)  km)  like 
huge  ground  based  radars,  they  offer  large  instantaneous 
surveillance  coverage.  This  coverage  remains  nonetheless 
rather  limited  when  compared  with  geosynchronous  satellite 
systems  coverage. 

Their  technical  capabilities  are  associated  to  operational  virtues 
related  to  their  high  loitering  altitude  ;  high  discretion  and  thus 
high  surs'ivability  level,  llight  over  controlled  airspace. ... 

From  a  technological  point  of  view,  all  elementary 
techn(>logie.s  do  exist,  so  that  the  major  challenge  lies  in  system 
integration 

Moreover,  their  ac(|uisiiion  and  operating  costs  are 
significantly  lower  than  those  of  alternative  systems  ;  IR  HALE 
UTA  does  correspond  today  to  a  very  attractive,  cost-effective 
soluti<'n  for  dealing  with  Tactical  Ballistic  Missiles  in  Out  Of 
Area  operations 
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SUMMARY 

In  general,  unmanned  aerial  vehicles  (UAVs)  and 
Cruise  Missiles  (CM)  have  demonstrated  their 
operational  value  in  the  limited  conflicts  of  the  last 
years.  This  experience  and  technological  advances 
promise  similar  successful  results  for  more  sophi¬ 
sticated  Unmanned  Tactical  Aircraft  (UTA)  co¬ 
vering  a  wider  range  of  airborne  mission  roles  [1], 
Throughout  this  publication  the  term  UTA  will  be 
used  in  favour  of  the  term  uninhabited  combat 
aerial  vehicle  (UCAV). 

In  this  paper  UTA  concepts  are  evaluated  with 
respect  to  system  integrity.  In  a  first  step  mission 
scenarios  are  analyzed  with  respect  to  the  hostile 
threats  an  UTA  will  encounter.  These  external 
threats  together  with  internal  threats  affecting 
reliability  and  system  safety  are  the  reference  for 
the  evaluation  of  the  required  integrity  levels. 

On  the  basis  of  a  generic  system  architecture  es¬ 
sential  and  non-essential  functions  are  considered. 
The  assessment  led  to  the  result  that  UTA  will  be 
quite  complex.  This  will  have  a  major  impact  on 
the  life  cycle  costs  according  to  the  experience  with 
manned  aircraft  programmes.  However,  compared 
with  manned  aircraft  weapon  systems  UTA  life 
cycle  costs  will  be  lower  due  to  less  operating 
costs. 


1.  INTRODUCTION 

The  vision  of  unmanned  airborne  systems  has  a 
long  history.  Cruise  missiles  for  attacking  fixed 
targets  and  Unmanned  Aerial  Vehicles  (UAVs)  for 
surveillance  and  reconnaissance  have  demonstrated 
their  operational  value  in  this  decade.  A  common 
understanding  has  emerged  that  unmanned  airborne 
systems  may  be  useful  for  other  operational  tasks 
as  well,  especially  for  air-to-ground  roles  which 
means  heavily  defended  areas  and  targets  will  be 
encountered.  In  addition,  there  is  a  need  to  replace 
ageing  aircraft  within  the  next  twenty  years.  The 
JAST  programme  in  the  US  and  the  various  studies 
on  future  airborne  weapon  sytems  (FAWS)  in  Eu¬ 
rope  consider  unmanned  airborne  elements  to  com¬ 
plement  manned  aircraft. 


Although  some  airframe  concepts  are  underway,  it 
is  still  obscure  which  kind  of  UTA  will  offer  the 
best  value  for  money.  Will  it  be  an  improved  cruise 
missile  with  additional  return  to  base  capability? 
Or,  will  it  be  interchangeable  with  manned  aircraft 
on  a  one-to-one  basis?  What  degree  of  autonomous 
operation  makes  sense?  Will  we  have  complex 
automated  systems?  Or,  are  simple  systems  fol¬ 
lowing  a  ‘no  avionics’  approach  better  suited? 

The  answers  to  these  and  other  similar  questions 
have  to  be  looked  at  from  various  perspectives  like 
weapon  system  performance,  handling  during  the 
mission  and  on  ground,  etc.  The  viewpoint  of  this 
paper  are  system  integrity  criteria. 

In  very  general  terms  system  integrity  is  defined  as 
the  capability  of  a  system  to  fulfil  its  intended 
function  without  unwanted  side  effects  while  ope¬ 
rating  in  an  environment  with  specified  external 
and  internal  threats.  From  this  definition  the  wide 
spread  influence  of  system  integrity  matters  is 
obvious.  Therefore,  system  integrity  considerations 
may  assist  from  early  concept  studies  onwards  to 
assess  the  required  functionality,  the  necessary 
complexity  and  the  affordability  with  respect  to 
available  technology  and  budget  constraints. 

Starting  point  is  a  brief  analysis  of  the  mission 
scenarios  for  which  UTA  are  promising  certain 
advantages  over  alternative  means.  In  particular, 
UTA  should  survive  when  they  are  exposed  to  the 
mission  environment.  Partly  for  that  reason  system 
integrity  requirements  have  to  be  derived  from  the 
mission  scenarios.  They  may  have  a  high  impact  on 
the  affordability  of  UTA  weapon  systems  also. 

On  the  basis  of  UTA  functional  requirements,  key 
elements  of  a  suitable  system  architecture  will  be 
defined  in  the  next  step.  The  complexity  of  the 
individual  system  functions  depends  mainly  on  the 
degree  of  operating  autonomy  and  the  necessary 
level  of  automation.  Especially  in  case  of  complex 
functions,  system  integrity  aspects  have  a  far  ran¬ 
ging  influence  on  mission  accomplishment  rates 
and  affordability.  A  generic  block  diagram  will  be 
presented  that  is  adequate  to  discuss  system  inte¬ 
grity  further.  System  integrity  will  be  affected  by 
two  kinds  of  internal  threats  too: 
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•  the  susceptibility  to  random  hardware  failures 
and 

•  the  limited  capability  to  design  a  complex  sy¬ 
stem  not  only  as  required  (by  its  specification) 
but  as  desired 

From  the  analysis  results  from  above  it  will  be 
concluded  to  what  extent  operational  and  system 
integrity  aspects  have  an  impact  on  the  affordabi¬ 
lity  of  UTA  weapon  systems  In  addition,  the  tech¬ 
nology  areas  are  defined  which  need  special  atten¬ 
tion  in  research  and  development  prior  to  a  success¬ 
ful  release  of  IJTA  W'eapon  systems  to  service 

2.  MISSION  SCENARIOS 

2.1  Military  Conflicts  Characteristics 

With  the  decline  of  the  cold  war  and  the  emerging 
demand  for  peace  keeping  and  pence  making,  the 
mission  scenarios  have  changed  While  the  plan¬ 
ning  concentrated  on  high  density  conflicts  in  the 
past,  today  adversaries  with  more  or  less  sophisti¬ 
cated  armament  have  to  be  considered  as  well 

As  far  as  relevant  for  the  scope  of  this  paper,  in 
dense  conflicts  the  adversary’s  potential  is  cha¬ 
racterized  by 

•  high  value  targets 

•  high  level  of  reconnaissance  and  intelligence 

•  massive  air  defence  cn  route  and  at  target  site 

•  high  level  of  electronic  and  information  warfare 

For  peace  keeping  and  peace  making  missions  the 
potential  may  vary  from  case  to  ease  Compared 
with  dense  conflicts  the  following  items  may 
roughly  indicate  the  differences: 

•  high  and  low  value  targets 

•  limited  reconnaissance  and  intelligence 

•  air  defence  more  concentrated  on  object  level 

•  varying  jamming  levels 

For  out-of-area  missions  political  issues  have  to  be 
considered  as  well  The  acceptance  pilots’  losses  is 
extremely  limited  or  may  be  unacceptable  in 
democratic  societies  Collateral  damage  of  own 
weapons  at  adversary’s  sites  will  also  face  criticism 
and  may  cancel  the  entire  peace-keeping  or  peace¬ 
making  involvement  These  issues  influence  the 
freedom  of  military  commanders  to  plan  and  decide 
according  to  military  needs  only  and  will  have  a 
significant  impact  on  the  next  decades  weapon 
system  procurements. 


2.2  UTA  versus  Manned  Aircraft 

Onlv  two  good  reasons  exist  to  introduce  a  new 
kind  of  weapon  system  Either  a  specific  existing 
mission  can  be  accomplished  more  efficiently  or  a 
new  type  of  mission  is  possible  providing  an  ad¬ 
vantage  over  an  advcrsar\  So,  what  arc  the  promi¬ 
ses  of  UTA  in  this  instance'^  As  the  name  indicates 
the  main  difference  between  current  tactical  air¬ 
craft  and  UTA  is  the  fact  that  UTA  are  unmanned 
rcspcctivclv  uninhabited  This  leads  in  particular  to 
the  following  characteristics- 

•  UTA  are  not  impacted  by  pilot’s  fatigue 

•  Hv  UTA  missions  no  pilot’s  life  is  endangered 

•  The  operator’s  training  effort  can  be  reduced 
because  only  few  real  life  flight  hours  arc  requi¬ 
red 

The  absence  of  pilot’s  fatigue  allows  long  endu¬ 
rance  and  high  stress  missions  While  long  endu¬ 
rance  missions  like  surveillance,  reconnaissance 
and  intelligence  gathering  have  been  successfully 
accomplished  already  b\  UAVs,  no  weapon  delivery 
role  has  been  performed  yet 

Plnsical  and  psvchical  stress  to  a  pilot  is  mainly 
induced  b\-  the  required  flight  profiles  over  all 
mission  phases  and  by  the  exposure  to  hostile 
threats  An  UTA  is  not  affected  by  such  limitations 

Due  to  more  aggressive  manoeuvring  capabilities, 
advantaccs  would  result  for  a  number  of  mission 
pha  ses  including  terrain  following,  weapon  deli- 
verv,  air  combat  and  defence  against  incoming 
hostile  missiles  Combined  with  a  long  range  capa¬ 
bility  UTA  may  be  used  for  deep  strike  missions 
l.css  predictable  flight  pathes  may  also  enhance  the 
survi vabillity  in  tactical  reconnaissance  missions 

That  UTA  losses  are  not  coincident  with  losses  of 
pilots’  lives  makes  them  suitable  for  dangerous 
missions  with  a  high  loss  probability  and  situations 
in  which  human  losses  are  not  acceptable  for  politi¬ 
cal  reasons  In  the  first  case,  a  high  loss  probability 
is  likelv  in  dense  conflicts  with  massive  air  defence 
of  the  adversary.  The  second  case  is  more  related  to 
peace  keeping  and  out-of-area  missions 

A  further  reason  for  the  attractiveness  of  UTA  is 
the  envisaged  significant  reduction  of  life  cycle 
costs  compared  with  manned  systems  In  the  past 
several  calculations  have  been  performed  under 
various  constraints  However,  comparisons  of  man¬ 
ned  aircraft  and  U'fA  on  an  equal  mission  basis 
(same  fire-power,  same  mission)  or  with  a  less 
capable  UTA  have  led  to  strong  indications  of  sig¬ 
nificant  life  cvclc  cost  reductions  The  reason  is  the 
small  number  of  training  flights  required  to 
establish  and  maintain  operators’  proficiency  Be¬ 
cause  the  operator  will  never  have  the  cues  of  a 
pilot  sitting  in  an  aircraft,  there  is  no  difference  in 
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training  on  a  simulator  or  by  real  flights. 
Nevertheless,  UTA  flights  will  be  necessary  to 
validate  the  availability  of  the  weapon  system,  to 
practise  missions  performed  by  a  mix  of  manned 
aircraft  and  UTA  and  last  but  not  least  to  give 
military  planners  and  commanders  the  confidence 
in  their  assets. 


2.3  UTA  versus  Cruise  Missiles 

As  far  as  weapon  delivery  roles  are  concerned, 
Cruise  Missiles  (CM)  are  clearly  an  alternative  to 
UTA.  To  some  extent  it  is  a  matter  of  semantics  if 
UTA  should  more  be  down  scaled  aircraft  or  up 
scaled  CMs  with  a  return  to  base  capability.  For  the 
purpose  of  this  discussion  CMs  are  considered  on 
the  basis  of  today’s  features.  These  features  are  the 
fire-and-forget  philosophy  and  the  existence  of  one 
warhead  only. 

Initially  designed  for  nuclear  strike  missions,  CMs 
rely  on  pre-planned  missions  that  are  accomplished 
autonomously.  In  particular,  it  is  impossible  to 
adjust  target  data  in  flight.  This  limits  the  flexibi¬ 
lity  and  might  be  an  important  risk  factor  in  peace¬ 
keeping  or  peace-making  missions,  if  the  adversary 
tries  to  provoke  hits  of  non-military  assets.  The 
application  of  CMs  is  restricted  to  fixed  point  tar¬ 
gets.  Furthermore,  the  lack  of  flexibility  allows  no 
integrated  missions  (same  target,  same  time  slot) 
with  other  flexible  means,  especially  manned  air¬ 
craft.  CMs  are  best  suited  to  attack  high  value 
single  point  targets  that  can  be  destroyed  with  their 
limited  fire-power.  Attacking  locally  extended 
targets  with  CMs  is  not  a  cost-effective  choice. 

Requirements  for  an  advanced  CM  comprise  more 
flexibility,  interoperability  with  manned  aircraft 
and  an  increased  fire-power.  Starting  with  the  first 
item,  increased  fire-power  depends  on  the  future 
development  of  munition  technology.  Improved 
explosives  and  higher  impact  velocities  may  offer 
the  opportunity  to  build  smaller  weapons.  However, 
these  improvements  would  be  beneficial  for  all 
weapon  platforms. 

Flexibility  improvements  are  especially  related  to 
the  final  target  acquisition  phase.  Targeting  infor¬ 
mation  may  be  updated.  The  CM  may  be  redirected 
to  alternative  targets.  Or,  the  attack  may  be  aban¬ 
doned  in  the  last  minute.  E.  g.,  in  scenarios  in 
which  collateral  damage  should  be  avoided  (peace¬ 
making,  peace-keeping)  a  decision  relying  on  on¬ 
board  sensors  may  be  helpful  due  to  the  available 
resolution  of  optical  and  opto-electronic  sensors. 
Real-time  updates  would  also  allow  missions 
against  moving  targets.  These  could  for  example  be 
provided  by  UTA  in  a  tactical  reconnaissance  role. 

A  fulfilment  of  the  interoperability  requirement  is 
highly  related  to  the  flexibility  requirement.  When 
command  and  control  of  advanced  CMs  and  manned 


aircraft  is  similar,  combining  both  types  in  one 
mission  gives  no  additional  problems. 

However,  an  advanced  CM  as  described  above 
would  need  sophisticated  on-board  installations  for 
data  transmission  and  sensing.  This  will  increase 
CM  value  and  costs.  In  the  end,  it  may  be  more 
efficient  to  drop  the  weapon  and  let  the  platform 
return  to  base.  Internal  studies  performed  by  lABG 
at  the  end  of  the  last  decade  have  shown  that  the 
additional  development  effort  for  a  return  to  base 
system  is  about  10  %  to  20  %  higher  than  for  a  one¬ 
way  system  with  the  same  mission  capabilities. 
According  to  that  study,  procurement  and  operation 
costs  for  a  whole  fleet  are  comparable  with  a  small 
advantage  for  the  one-way  system.  Because  these 
figures  were  derived  a  decade  ago  they  should  be 
taken  as  an  rough  indicator  only.  Incorporation  of 
new  trends  in  technology  may  alter  these  results. 


2.4  UTA  Mission  Roles 

2.4.1  Surveillance  and  Reconnaissance  Mission 
Types 

The  first  UAV  applications  were  dedicated  to  sur¬ 
veillance,  reconnaissance,  electronic  support  mis¬ 
sions  (ESM)  and  jamming.  Starting  with  relatively 
simple  optical  sensors,  payloads  as  well  as  comple¬ 
xity,  weight  and  value  of  the  mission  equipment 
have  increased  over  time.  Synthetic  aperture  radar 
(SAR)  are  the  most  sophisticated  sensor  equipment 
used  today  on  UAVs.  The  potential  of  current 
UAVs  extends  to  intelligence  gathering  as  well  as 
to  electronic  warfare  equipment. 

A  substitution  of  UAVs  in  these  roles  is  not  ex¬ 
pected  unless  space  based  systems  demonstrate  a 
better  value  for  money.  With  design  concepts  for 
UAVs  flying  long  endurance  missions  at  altitudes 
of  approximately  80  kft,  UAVs  can  operate  off-side 
the  combat  zone  over  friendly  territory  and  can  still 
provide  useful  surveillance  data. 

In  general  the  mission  effectiveness  of  current 
UAVs  has  been  demonstrated  in  low  density  con¬ 
flicts  like  over  Bosnia.  Despit  low  reliability  re¬ 
cords  [2],  the  survivability  of  the  early  designs  in 
scenarios  with  strong  air  defence  capabilities  on 
the  adversary’s  side  is  questionable.  The  velocity  is 
low  and  the  flight  path  simple. 

When  operating  in  the  combat  zone,  the  measures 
to  enhance  survivability  include  increased  subsonic 
velocity  levels,  less  predictable  flight  pathes  and 
signature  reductions  over  a  wide  frequency  range. 
Additional  functionality  and  more  sophisticated  on¬ 
board  systems  will  complement  these  improvements 
regarding  sensor  data  processing  as  well  as  com¬ 
mand  and  control. 
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With  these  enhancements  in  place.  UAVs  have  all 
features  to  evolve  to  UTA.  Due  to  speed  ranges 
similar  to  manned  aircraft.  UTA  can  he  operated 
together  with  manned  aircraft  More  flexible  com¬ 
mand  and  control  features  will  support  interopera¬ 
bility  further  In  the  end  UTA  may  substitute  man¬ 
ned  aircraft  in  the  tactical  reconnaissance  role  for  a 
wide  mission  range  U'l'A  equipped  with  jammers 
mav  assist  manned  aircraft  and  other  U'l  A  in  attack 
missions. 


2.4.2  Air-To-Grouud  Mission.': 

Once  concepts  for  non-reusahle  attack  drones  (c.  g 
TAITUN)  may  he  anticipated  as  the  first  step  to  air- 
to-ground  missions  performed  by  UTA  Unlike  CMs 
these  vehicles  participate  in  the  target  acquisition 
process  by  identifying  and  selecting  targets  auto¬ 
nomously 

UTA  promoters  concentrate  on  the  air-to-ground 
role  due  to  the  following  reasons:  Improvements  of 
air  defence  weapons  with  respect  to  performance 
and  costs  have  transformed  attack  missions  to  high 
risk  adventures.  By  the  world-wide  proliferation  of 
modern  air  defence  systems,  attacking  aircraft  have 
to  expect  this  threat  even  in  lowest  density  con¬ 
flicts  Suppression  of  Tncmy  Air  Defences  (SFAD) 
is  therefore  the  preferred  mission  type  for  UTA 
Saturation  of  the  foe’s  air  defence  systems  by  quite 
simple  UFA  could  be  an  option  High  agility  of 
these  UTA  with  normal  accelerations  up  to  20  g 
and  beyond  may  outperform  most  available  ground- 
to-air  missiles  Other  UFA  launching  anti-radar 
missiles  may  substitute  todays  similar  equipped 
manned  aircraft  (c.  g.  BCR  TORNADO.  ,.Wild 
WcascT‘  aircraft). 

The  UTA  capabilities  for  long  endurance  missions 
as  described  above  may  allow  deep  strike  missions 
that  arc  less  affordable  for  manned  aircraft  due  to 
pilot’s  fatigue  For  other  typical  missions  like  air 
interdiction,  manned  and  unmanned  aircraft  may  be 
interchangeable.  It  can  be  assumed  that  a  mix  of 
manned  and  unmanned  aircraft  will  be  the  most 
efficient  solution 

However,  the  availability  of  a  reliable,  jam-resi¬ 
stant  real-time  data  link  providing  the  ncccssarv 
throughput  capacity  is  paramount  to  accomplish 
such  missions  successfully 


2.4.3  Air-To-Air  Missions 

The  advantages  of  U  FA  over  manned  aircraft  in  the 
air-to-air  role  arc  long  loiter  times  and  the  high  g- 
loads  by  which  most  current  missiles  may  be  out¬ 
performed 


For  hcyond-visual-rangc  combat,  pilots  have  to  rch 
on  identification  and  flight  path  data  provided  by 
the  aircraft  systems  to  perform  the  manoeuvres  best 
suited  to  be  successful  Remote  control  and/or 
automation  of  this  process  seems  not  neccssarilv 
more  challenging  than  the  air-to-ground  roles 

In  visual-range  combat,  transport  dela\'s  from  digi¬ 
tal  processing  limit  tracking  performance  Unless 
sampling  rates  will  be  significantlv  increased, 
manned  aircraft  will  be  superior  to  U  FA  in  this  role 
due  to  better  sittiational  awareness  of  the  pilot 

Advanced  concepts  assign  U  FA  to  'Factical  Ballistic 
Missile  (TBM)  and  CM  defence  Such  missions 
evolving  in  the  future  are  not  considered  in  this 
paper  because  the  characteristics  of  IBM  and  CM 
defence  are  only  briofl\  defined  today. 


2.5  Offensive  Mission  Scenario 

Figure  1  shows  a  schematic  overview  of  an  offen¬ 
sive  mission  scenario  for  which  U  FA  application  is 
favoured  Assumed  is  an  air  interdiction  or  deep 
strike  mission  in  a  high  density  conflict  situation 
The  functional  elements  involved  and  the  appro¬ 
priate  weapon  s\stems  are  defined  in  the  following 
subparagraphs 

Airborne  NciMork 

Having  the  right  information  in  the  right  place  and 
at  the  right  time  is  one  of  the  key  prereipiisites  to 
accomplish  complex  missions  successfully  While 
todas’s  airborne  information  distribution  is  centra¬ 
lized  around  svstems  like  AWACS  and  .I-Stars. 
modern  information  technology  provides  the  means 
to  go  one  step  further  by  providing  networks  with 
alternative  distribution  pathes  Main  nodes  of  the 
network  will  be  AWACS  and  .1-Star  as  today  com¬ 
plemented  b\  high  altitude  flving.  long  endurance 
UAVs  and  satellites  Fven  in  dense  conflict  situa¬ 
tions  with  losses  of  some  nodes  survivability  of  the 
network  will  be  remarkably  enhanced 

The  invention  of  deccntrali/ed  airborne  and  space 
based  networks  mav  have  other  design  drivers  as 
well  U  FA  will  profit  from  the  introduction  of  high 
capacitv  and  survivable  data  links  UFA  will 
receive  command  and  control  data  and  will  transmit 
own  sensor  data  and  status  information  However, 
the  real-time  requirements  for  UFA  operation  will 
probablv  be  more  stringent  than  for  other  tasks 

Comm  on  d  and  Control 

With  the  availability  of  capable  networks  new  op¬ 
tions  for  improved  command  and  control  arise 
Control  of  UTA  may  be  performed  from  ground 
stations.  AWACS  aircraft  or  other  manned  aircraft 
preferablv  those  participating  in  the  same  sortie  as 
the  UTA  ’ 
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Surveillance  and  Reconnaissance 


SEAD 


In  the  foreseeable  future,  surveillance  and  recon¬ 
naissance  will  be  performed  by  nearly  the  same 
means  as  today.  These  are  manned  aircraft,  UAVs 
and  satellites.  Technological  enhancements  will 
shift  the  importance  of  satellites.  The  tactical  value 
of  UAVs  will  be  increased  by  higher  operating 
altitudes  around  80  kft. 

Electronic  and  Information  Warfare 

With  the  importance  of  information  technology, 
threats  arising  from  electronic  and  information 
warfare  will  become  even  more  severe  than  today. 
Improved  defensive  as  well  as  offensive  measures 
will  be  required  to  sustain  the  electronic  warfare 
threats.  The  defensive  items  will  be  discussed 
below  together  with  the  system  architecture.  For 
offensive  measures  UTA  are  well  suited  to  fly 
ahead  of  the  mam  attack  force  with  special  jam¬ 
ming  equipment  on-board  due  to  the  high  risk 
nature  of  this  role. 

Tactical  Reconnaissance 

With  higher  quality  and  higher  resolution  of  remote 
surveillance  and  reconnaissance  platforms,  the 
demand  for  tactical  reconnaissance  may  decline. 
However,  its  value  for  final  mission  preparation 
and  damage  assessment  will  not  be  surpassed  in  the 
near  and  midterm  future.  Especially  prior  to  an 
attack  sortie  tactical  reconnaissance  is  a  high  risk 
mission,  making  UTA  the  favorite  weapon  system 
to  accomplish  the  mission. 


For  SEAD  as  the  mission  with  the  highest  risk  UTA 
may  suited  best.  Two  tactical  principles  may  be 
applied.  The  first  is  based  on  air  defence  satura¬ 
tion.  Easily  observable  UTA  may  be  used  as  de¬ 
coys.  Their  high  agility  may  outperform  the  defence 
missiles  while  own  anti-radar  missiles  are  launched 
to  destroy  the  air  defence  sites.  The  second  relies 
on  UTA  with  low  observability  launching  their 
anti-radar  missiles  prior  to  their  own  detection  by 
the  foe. 

Escort 

Like  today,  fighters  will  eseort  the  main  bomber 
force  to  provide  protection  against  hostile  fighter 
attacks.  As  far  as  beyond-visual-range  combat  is 
concerned  UTA  may  participate  in  this  role. 

Main  Attack 

The  main  attack  force  has  to  attack  the  target  with 
the  required  fire-power.  Depending  on  UTA  size 
and  target  characteristics  the  main  attack  may  be 
performed  by  UTA  only,  a  mixed  force  of  UTA  and 
manned  aircraft  or  manned  aircraft  only. 


Figure  1:  Offensive  Mission  Scenario. 
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3.  SYSTEM  INTEGRITY  CONSIDERA¬ 

TIONS 

3.1  Threats  and  System  Integrity  Require¬ 
ments 

5.1.1  External  Threats 

For  a  sufficient  integrity  level  UTA  weapon  sy¬ 
stems  have  to  be  designed  to  accomplish  their  mis¬ 
sions  successfully  under  the  constraints  imposed  by 
external  threats  from  the  mission  environment  and 
by  internal  threats  as  a  result  of  the  UlA  system 
design. 

The  external  threats  can  be  classified  by  the  nature 
of  their  origins  and  severity: 

Surveillance,  Reconnaissance  and  Electronic  Sup¬ 
port  Measures  of  the  adversary's  air  defences 

In  a  high  density  conflict  environment  the  adversarv 
will  have  similar  means  for  surveillance  and  recon¬ 
naissance  covering  AWACS  like  aircraft,  satellites 
and,  depending  on  the  proliferation  of  those 
weapon  systems,  new  high  altitude  reconnaissance 
platforms.  With  respect  to  the  networking  capabili¬ 
ties,  effective  usage  of  the  gathered  information 
and  the  survivability  of  the  complete  surveillance 
system  may  vary. 

Electronic  and  Information  Warfare 

In  addition  to  today’s  techniques  for  electronic 
warfare  the  emerging  information  warfare  techno¬ 
logies  have  to  be  considered  Noise  input  genera¬ 
tors  to  saturate  sensors  and  disturb  radio  communi¬ 
cation  links  have  to  be  expected  in  all  scenarios 
More  sophisticated  means  to  innnipulaie  data  un- 
pcrccived  by  the  user  may  achieve  a  threat  level 
unknown  up  to  now,  on-board  information  systems 
have  to  cope  with  in  future  However,  application 
of  these  techniques  will  be  limited  to  countries 
with  the  relevant  high-tech  knowledge 

Anti-A ircraft  Missiles 

This  point  comprises  missiles  launched  by  aircraft 
as  well  as  ground-to-air  missiles  The  availability 
of  very  capable  modern  missile  systems  to  an  ad¬ 
versary  have  to  be  expected  in  high  density  con¬ 
flicts.  The  threat  may  be  quite  similar  in  peace¬ 
making  out-of  area  scenarios  due  to  the  current 
degree  of  proliferation 

Energy  Weapons 

Although  energy  weapons  play  no  significant  role 
in  military  scenarios  today,  for  the  future  laser 
weapons  and  high  power  microwave  (IIPM) 
weapons  are  likely.  If  and  when  they  will  be 
available  for  general  use  is  not  foreseeable 

With  respect  to  external  threats  survivability  and 
vulnerability  are  the  main  concerns  with  respect  to 
system  integrity.  Survivability  describes  the  capa¬ 


bility  of  a  system  to  withstand  the  external  threats 
and  accomplish  the  mission  Vulnerability  consi¬ 
ders  the  capability  of  a  system  to  be  able  to  operate 
after  partly  damaged 


3.1.2  Internal  Threats 

Internal  threats  mav  be  classified  in  two  categories 
F.xpcctcd  failures  due  to  random  hardware  mal¬ 
functions  may  be  minimi/cd  to  an  acceptable  level 
by  well  established  technical  means  (e  g  redun- 
danev,  component  derating  etc  ).  Unexpected  events 
arc  the  second  category  They  arc  usually  caused  by 
handling  problems  or  design  shortfalls  l-vcn  for 
complex  systems  that  arc  mostly  software-based  the 
capability  is  limited  to  design  a  system  not  only  as 
specified  but  as  desired 

The  main  system  integrity  criteria  related  to  inter¬ 
nal  threats  arc  reliability  and  safety  Reliability  has 
to  be  designed  in  the  system  so  that  mission  abor¬ 
tion  rates  arc  acceptable  It  has  an  impact  on  the 
effort  of  ground  handling  and  maintenance  too 
Safety  as  the  capability  to  protect  people  from 
death  and  injuries  is  clearly  an  issue  for  ground 
handling  as  it  is  for  manned  aircraft,  at  least  due  to 
the  carried  weapons 

On  the  first  sight,  safety  during  flight  seems  not  to 
be  important  because  no  on-board  crew  is  involved 
But  it  has  to  be  considered  that  UTA  will  not  ope¬ 
rate  independently  from  manned  aircraft,  neither 
inflight  in  civil  airspace  nor  in  a  combat  sortie 
Indeed,  no  own  pilot  has  to  be  protected,  but  the 
inhabitants  of  adjacent  aircraft  arc  endangered  by 
unsafe  manoeuvring  and  unsafe  armament  system 
conditions  as  arc  people  on  ground  during  taxiing, 
take-off  and  landing 


3.2  UTA  Functional  Characteristics 

A  reasonable  starling  point  for  achieving  a  ba¬ 
lanced  UTA  design  is  an  existing  manned  aircraft 
performing  the  same  or  a  similar  task  Hut  a  U'l  A 
design  may  not  necessarily  look  like  an  aircraft 
The  absence  of  a  pilot  removes  manv  design  con¬ 
straints  that  arc  imposed  for  pilot’s  accomodation 
A  complete  list  of  these  items  is  quite  long  The 
list  includes 

•  life  support  equipment 

•  controls  and  displays 

•  weight  and  space  of  pilot  and  the  equipment  as 
listed  above 

•  safe  pilot’s  ejection  in  case  of  emergencies 

•  pilot's  physical  constraints  (g-load.  aircraft 
attitude,  other  stress  factors) 
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The  new  design  freedom  gained  by  the  drop  of  pilot 
related  requirements  shall  be  utilized  to  enhance 
performance  as  well  as  integrity  of  UTA  weapon 
systems.  Moreover,  it  is  the  most  affordable  way  to 
acceptable  integrity  levels  when  the  inherent  UTA 
capabilities  are  exploited  with  respect  to  integrity 
criteria.  In  the  remaining  of  this  paragraph  it  will 
be  discussed  how  UTA  design  features  that  are 
ventilated  to  the  public  from  various  sources  affect 
system  integrity 

For  the  purpose  of  this  consideration  the  basic 
functional  characteristics  are  summarized  under  the 
headlines  airframe,  stealth  characteristics,  flight 
profiles/agility  and  UTA  on-board  systems.  While 
the  first  three  items  are  considered  in  this  para¬ 
graph,  UTA  on-board  systems  will  be  discussed  in 
the  next  paragraph  when  the  system  architecture  is 
introduced. 

Table  1  shows  a  matrix  of  these  functional  areas 
and  the  external  threats.  A  cross  in  the  matrix  indi¬ 
cates  that  a  certain  functional  characteristic  is 
susceptible  to  the  particular  threat.  In  other  words, 
survivability  with  respect  to  this  threat  may  be 
minimized  by  appropriate  design  measures. 

Observability  by  the  adversary’s  surveillance,  re¬ 
connaissance  and  electronic  support  measures  is  the 
threat  that  influences  the  whole  UTA  design. 

With  respect  to  the  airframe,  size  and  shape  have  a 
dominant  impact  on  detectability.  A  small  size 
combined  with  an  appropriate  painting  scheme 
contributes  to  minimum  visual  observability.  In 
general,  UTA  may  be  smaller  than  manned  aircraft. 
But  more  than  the  pilot,  the  required  range  and 
fire-power  determine  the  actual  size.  To  utilize 
UTA  capabilities  for  long  endurance  missions  the 
necessary  fuel  has  to  be  carried.  Regarding  weapon 
technology,  smart  bombs  of  the  1000  lb  range  are 
under  development  and  concepts  for  new  weapons 
of  the  100  lb  to  250  lb  range  with  new  developed 
explosives  or  alternative  warheads,  e.  g.  high  po¬ 
wer  microwave  (HPM),  emerge.  Weapon  weight 


and  size  will  therefore  decrease  being  beneficial  for 
both  manned  and  unmanned  aircraft.  For  the  near 
future  a  substantial  reduction  in  UTA  size  cannot 
be  expected  if  compared  with  manned  aircraft  on 
the  basis  of  equivalent  fire-power. 


To  minimize  observability  by  radar,  UTA  shapes 
should  be  chosen  that  radar  echoes  are  mainly  de¬ 
flected  to  uncritical  aspect  angles.  A  consequent 
implementation  of  this  design  requirement  will 
demand  internal  weapon  carriage.  Considering  the 
availability  of  smaller  weapons  in  future  and  the 
internal  space  offered  by  flying-wing  designs,  a 
successful  realization  is  likely.  Depending  from  the 
expected  threat  levels  by  airborne  and  ground 
based  radar,  UTA  concepts  showing  always  the 
smoothest  surface  to  radar  while  maintaining  the 
intended  flight  path  may  enhance  low  observability. 
However,  airborne  and  ground-based  radar  working 
on  different  frequency  bands  will  limit  the  effect. 
Other  sensor  concepts  like  LIDAR  are  not  affected 
by  such  measures  at  all. 

Stealth  techniques  have  the  potential  to  lower  the 
detection  probability  essentially.  But  recent  experi¬ 
ence  shows  that  substantial  development  is  still 
required  to  make  stealth  techniques  reliable  [3].  If 
stealth  enhancements  become  available,  they  are 
similarly  effective  against  anti-aircraft  missiles. 

UTA  detection  by  ground  based  radar  can  be  mini¬ 
mized  by  chosing  terrain  following  flight  profiles. 
High  g-loads  allow  more  aggressive  manoeuvring 
so  that  the  average  height  above  ground  will  be 
lower  than  of  today’s  manned  aircraft  with  terrain 
following  capabilities.  Furthermore,  terrain  fol¬ 
lowing  may  be  maintained  over  longer  time  periods. 

High  agility  will  be  of  even  more  value  when  an 
UTA  is  attacked  by  anti-aircraft  missiles  launched 
from  ground  or  from  aircraft.  At  first,  most  current 
anti-aircraft  missiles  may  be  outperformed  with 
respect  to  maximum  g-loads.  At  second,  tracking 


External  Threats 

Surveillance 
RECCE,  ESM 

Electr.  &  Info. 
Warfare 

Anti-Aircraft 

Missiles 

Energy  Weapons 

Functional  Area 

Airframe 

X 

Stealth  Characteristics 

X 

X 

Flight  Profiles  /  Agility 

X 

X 

UTA  On-Board  Systems 

X 

X 

X 

X 

Table  1: 


UTA  Susceptibility  to  External  Threats. 
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algorithms  of  less  sophisticated  anti-aircraft 
missiles  may  be  confused  due  to  less  predictable 
flight  profiles  UTA  could  perform  fo^  their  own 
defence. 

The  UTA  capability  for  high  g-loads  that  is  advan¬ 
tageous  regarding  anti-aircraft  missiles,  will  be  of 
less  benefit  against  energy  weapon  attacks 


3.3  System  Architecture 

Figure  2  shows  a  generic  UTA  on-board  system 
architecture  that  is  appropriate  to  discuss  integrity 
matters  It  is  common  practice  to  categorize  indivi¬ 
dual  functions  as  essential  or  non-essential 

Essential  functions  will  perform  tasks  necessary  to 
survive.  Survival  covers  a  minimum  capability  to 
return  to  base  All  other  safety  related  functions  are 
essential  as  well.  Loss  of  non-essential  functions 
w'ill  lead  normally  to  a  mission  abort  depending  on 
the  mission  phase  the  loss  occurred  The  ability  to 
withstand  external  and  internal  threats  may  be 
constrained 

A  sound  design  wall  keep  essential  functions  to  a 
minimum  and  will  isolate  them  from  non-essential 
functions 


The  minimum  set  of  essential  functions  covers 
weapon  safety  on-ground  and  inflight  as  well  as 
basic  flight  control  functions  that  are  required  to 
manoeuvre  the  UTA  safclv  during  take-off,  cruise 
and  landing 

For  weapon  safetv,  fire  control  functions  and  the 
weapons  themselves  have  to  be  designed  to  fulfil 
the  applicable  safety  requirements  As  derived 
above,  these  safety  requirements  arc  identical  with 
those  for  manned  aircraft  Relaxations  would  only 
be  granted  for  the  unlikely  case  that  operators  will 
accept  higher  risk  levels  in  future  than  today 

I-sscntial  flight  control  functions  comprise  flight 
and  engine  control  including  sensors,  computing 
rcssources  and  actuation  as  well  as  the  engine  and 
the  control  surfaces  'flie  sensors  used  shall  be 
passive  with  respect  to  the  environment  Navigation 
will  probabh  be  based  on  GRS  and  inertial  plat¬ 
forms 

Electrical  power  generation  and  cooling  equipment 
is  essential  in  so  far  that  the  supplies  of  essential 
functions  arc  maintained  With  advances  in  re¬ 
search  to  substitute  hydraulic  actuation  by  electri¬ 
cal  means  the  need  for  a  hydraulic  system  mav 
diminish 

Even  if  not  completclv,  to  some  extent  the  data  link 


Figure  2: 


UTA  System  Architecture 
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will  be  essential.  Depending  on  the  degree  of  auto¬ 
nomy  of  essential  functions,  uninterrupted  perfor¬ 
mance  of  the  data  link  may  not  be  demanded. 
However,  the  information  integrity  of  the  com¬ 
mands  transmitted  to  release  weapons  or  initialize 
aircraft  manoeuvres  has  to  be  ensured.  The  re¬ 
quirements  on  data  link  availability  will  be  consi¬ 
dered  further  below  when  the  susceptibility  to 
external  threats  will  be  discussed. 

Due  to  the  importance  of  the  communication  bet¬ 
ween  UTA  and  a  remote  controller,  the  data  link 
will  directly  exchange  data  with  the  essential 
functions  for  two  reasons:  safety  relevant  informa¬ 
tion  must  not  be  routed  via  non-essential  functions 
and  real-time  requirements  may  demand  minimiza¬ 
tion  of  transport  delays.  The  mission  management 
system  comprises  all  mission  relating  computing. 
For  a  specific  application  the  mission  management 
system  will  likely  be  refined  to  subsystems  that 
themselves  may  be  related  in  a  hierarchical  fashion. 
The  function  included  cover  at  least: 

•  signal  processing  of  sensor  data  input  from 
passive  and  active  sensors 

•  threat  evaluation  and  countermeasures 

•  mission  dependent  guidance  command  proces¬ 
sing  for  fire  and  flight  control 

•  concentrating  information  to  be  sent  to  the 
remote  controller  for  maintaining  situational 
awareness 

•  health  monitoring  and  status  accounting  to  be 
transmitted  to  the  remote  controller  and  to  be 
used  on-board  for  reconfiguration 

In  the  following  the  on-board  systems  will  be 
further  evaluated  with  respect  to  their  susceptibi¬ 
lity  to  external  threats.  Table  2  provides  an  over¬ 
view.  It  shall  be  interpreted  in  the  same  way  as 
table  1. 

In  principle  all  antennas  are  susceptible  to  de¬ 
tection  by  the  adversary’s  surveillance  and  recon¬ 
naissance  systems  or  by  electronic  supporting  mea¬ 
sures,  especially  when  transmitting.  Therefore 
active  sensors  should  not  be  operated  in  continuous 
modes  but  only  when  operationally  required.  On¬ 
board  radar  for  example  may  only  be  used  for  final 
target  acquisition. 

Electronic  and  information  warfare  attacks  are  a 
major  threat  for  all  electronic  devices.  Noise  and 
manipulated  data  can  be  induced  to  the  on-board 


systems  via  all  systems  that  interact  with  the  out¬ 
side  world.  These  systems  are  active  and  passive 
sensors,  the  data  link  and  the  own  electronic  war¬ 
fare  suite.  Although  countermeasures  from  the  own 
electronic  and  information  warfare  suite  may  aug¬ 
ment  severity  and  duration  of  such  attacks,  system 
architecture  and  design  features  of  each  individual 
system  have  to  complement  the  defence.  The  prin¬ 
ciples  for  defence  include  hierarchical  protection 
concepts,  dissimilarity  and  redundancy.  Compa¬ 
rable  information  on  the  environment  should  be 
gathered  by  several  sensors  based  on  different  sen¬ 
sor  technology  and  working  on  different  frequency 
bands  to  counteract  noise  generation  and  decoys. 

The  data  link  should  consist  of  redundant  broad¬ 
band  communication  channels  to  lower  the  proba¬ 
bility  of  a  total  data  link  breakdown  in  case  of 
induced  noise.  However,  it  is  unlikely  that  the 
datalink  will  operate  without  timely  limited  distur¬ 
bances  not  only  caused  by  electronic  warfare  but 
also  as  a  result  of  geographical  conditions  or  me¬ 
teorological  anomalies.  Consequently,  continuous 
data  transmissions  with  high  real-time  require¬ 
ments  should  be  avoided.  Instead,  all  time  critical 
functions  should  be  processed  on-board  autono¬ 
mously.  Data  encryption  methods  and  redundant 
distribution  will  protect  the  information  from  being 
understood  by  the  adversary  and  from  being  mani¬ 
pulated  without  detection. 

Input  processing  of  all  systems  interacting  with  the 
environment  shall  be  used  to  detect  corrupted  data 
and  to  serve  as  a  firewall  for  all  other  systems. 
Essential  functions  should  not  rely  on  data  that  has 
a  high  potential  to  be  corrupted.  The  absence  of 
pilot’s  interfaces  on-board  allow  shielding  concepts 
that  enhance  isolation  of  essential  functions  from 
the  outside  world  by  concentrating  the  equipment 
in  completely  shielded  compartments. 

With  respect  to  anti-aircraft  missiles  active  sensors 
and  transmitters  of  the  electronic  warfare  suite  are 
susceptible.  Guided  by  a  home-on-jam  mode, 
missiles  will  utilize  the  radiated  energy  to  find 
their  target,  A  capability  to  switch  of  the  transmit¬ 
ters  without  a  significant  impact  on  mission  execu¬ 
tion  and  electronic  countermeasures  will  reduce  the 
severity  of  the  threat. 

Energy  weapons  may  become  a  severe  threat  in  the 
future.  Although  the  effect  is  different  from 
electronic  warfare,  the  principles  for  protection 
against  energy  weapons  are  similar. 
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Conclusively,  the  countermeasures  against  external 
threats  for  IJTA  have  a  lot  in  common  with  what  is 
applicable  to  manned  aircraft  because  of  similar 
requirements  on  many  on-board  systems  Therefore, 
it  makes  sense  to  identify  and  summarize  the  diffe¬ 
rences: 

•  The  reliance  on  the  data  link  is  higher  in  case  of 
a  UTA  although  effectiveness  of  manned  aircraft 
is  also  more  and  more  dependent  from  the  net¬ 
working  capabilities.  Kspecially,  strong  real¬ 
time  requirements  on  the  data  link  makes  UTA 
susceptible  to  jamming 

•  Shielding  of  UTA  on-board  systems  will  achieve 
a  better  protection  level  against  electro-magne¬ 
tic  interference  caused  by  electronic  warfare 
and  energy  weapons 


3.4  UTA  Affordability 

The  requirement  for  a  new  kind  of  weapon  system 
is  justified  if  the  following  criteria  arc  met  satis¬ 
factorily: 

•  New  mission  types  can  be  executed  that  arc 
required  with  respect  to  operational  needs  and 
that  cannot  be  performed  by  curicnt  weapon 
systems,  or  an  existing  mission  type  can  be 
executed  more  reliable. 

•  Operational  handling  requirements  imposed  by 
the  weapon  system  arc  adequate  with  respect  to 
the  environment  and  people’s  skills 


•  The  tcchnologv  is  available  or  can  he  invented 
with  reasonable  effort 

•  The  new  weapon  system  is  cost-effective 

The  first  item  was  discussed  in  depth  above  With 
respect  to  operational  handling,  recent  experience 
from  UAVs  was  troublesome  (2).  The  required 
ground  support  exceeded  the  expectations  Low 
reliability  records  have  led  to  a  maintenance  effort 
that  exceeded  acceptable  levels  Furthermore,  other 
systems  may  be  endangered  by  operating  UAVs  For 
example,  shipboard  operation  of  UAVs  may  be 
unfeasible  in  practice  Therefore,  reliability  im¬ 
provements  arc  required  prior  to  fielding  UTA 
weapon  systems 

Regarding  technology  manned  aircraft  design 
practices  offer  a  sound  basis  to  start  a  UTA  deve¬ 
lopment  UTA  will  probably  benefit  from  further 
technological  achievements  in  manned  aircraft 
design,  information  technologv  and  weapon  tech¬ 
nology  However,  most  of  this  technology  is  expen¬ 
sive  and  ongoing  research  and  development  effort  is 
useful  to  provide  the  same  functionality  for  less 
costs 

In  some  areas  technical  requirements  arc  more 
stringent  for  UTA  than  for  manned  aircraft  In  these 
cases  UTA  concepts  have  to  drive  research  and 
development: 

•  UTA  specific  airframe  performance  characteri¬ 
stics  have  to  be  analyzed 


External  Threats 

Surveillance 
RECCE,  E.SM 

Electr  &  Info 
Warfare 

Anti-Aircraft 

Missiles 

I'Ticrgv  Weapons 

UTA  On-Board  Systems 

Data  Link 

X 

X 

X 

Active  Sensors 

X 

X 

X 

X 

Passive  Sensors 

X 

X 

Mission  Management  System 

X 

X 

ECM/ECCM/OCM/OCCM 

X 

X 

X 

X 

Flight  Control  Functions 

X 

X 

Engine 

X 

Control  Surface  Actuation 

Fire  Control  Functions 

X 

X 

Weapons 

X 
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•  Reliable  data  links  on  the  basis  of  networking 
technology  that  provide  excellent  survivability 
(even  for  functions  with  strong  real-time  re¬ 
quirements)  have  to  be  invented. 

.  •  Allocation  of  data  processing  within  the  net¬ 
work  has  to  be  defined  and  optimized. 

•  Control  strategies  to  manage  complex  on-board 
systems  autonomously  have  to  be  defined  utili¬ 
zing  neural  networks  and  other  artificial  intelli¬ 
gence  techniques. 

•  Advanced  concepts  for  remote  control  have  to  be 
invented  considering  control  tasks,  real-time  re¬ 
quirements  etc. 

•  Techniques  to  enhance  system  integrity  have  to 
be  developed.  In  parallel,  the  costs  to  imple¬ 
ment  high  integrity  systems  should  be  signifi¬ 
cantly  reduced. 

Finally,  life  cycle  costs  of  UTA  have  to  be 
discussed.  From  the  results  of  this  survey  it  is  con¬ 
cluded  that  UTA  will  have  to  provide  a  high  inte¬ 
grity  level.  This  will  severely  influence  the  com¬ 
plexity  of  on-board  systems.  Particular  systems  will 
have  to  provide  adequate  redundancy  levels  to  meet 
overall  system  integrity  requirements  with  respect 
to  reliability  and  safety.  Without  technology  im¬ 
provements  in  the  relevant  areas,  integrity  require¬ 
ments  will  drive  development  costs  to  a  similar 
level  as  for  manned  aircraft. 

Procurement  costs  of  UTA  weapon  systems  will  be 
similar  to  manned  aircraft  weapon  systems.  How¬ 
ever,  if  the  capabilities  of  one  UTA,  with  respect  to 
achievable  fire-power  and  the  loss  and  sortie  rates 
will  be  at  an  optimum,  procurement  cost  may  be 
lower  compared  with  an  equivalent  manned  aircraft 
fleet.  Because  UTA  airframes  will  be  designed  for 
less  flying  hours  this  will  also  contribute  to  lower 
procurement  costs. 

The  real  cost  benefits  of  UTA  are  related  to  opera¬ 
ting  costs.  Basic  flight  training  of  UTA  controllers 
can  be  performed  in  a  simulation  environment. 
Hence  the  need  for  actual  flying  hours  will  be  re¬ 
duced.  Most  UTA  could  be  in  protected  storage 
while  a  small  number  is  used  for  check  and  demon¬ 
stration  flights  as  well  as  for  tactical  training  in 
case  of  missions  to  be  flown  in  a  mix  of  UTA  and 
manned  aircraft.  This  concept  requires  improve¬ 
ments  of  long  time  storage  techniques  and  solutions 
to  gain  the  necessary  maintenance  experience. 
However,  military  commanders  have  to  get  confi¬ 
dence  in  the  capabilities  of  their  weapon  systems 
by  training  in  real  world  situations.  The  actual 
demand  of  flight  hours  for  this  purpose  is  uncer¬ 
tain. 


4.  CONCLUSIONS 

This  paper  dealt  with  system  integrity  of  future 
UTA  weapon  systems  and  the  impact  on  design  and 
affordability.  In  dense  conflicts  UTA  weapon 
systems  will  be  used  primarily  for  high  risk  and 
long  endurance  missions,  e.  g.  tactical  recconnais- 
sance  and  SEAD.  In  lower  density  conflicts  like 
peace-keeping  missions  UTA  may  perform  for 
which  the  public  may  not  accept  pilots'  losses. 

High  integrity  is  required  to  withstand  external  and 
internal  threats  in  an  offensive  mission  scenario. 
Especially,  the  data  link  is  critical  to  provide  real¬ 
time  control.  Safety  has  to  be  considered  with  re¬ 
spect  to  weapons  and  flight  path  control.  UTA  have 
to  be  reliable  to  minimize  the  maintenance  effort. 
Consequently,  UTA  on-board  systems  will  be  quite 
complex. 

At  all,  a  UTA  will  be  more  similar  to  a  manned 
aircraft  than  to  an  improved  cruise  missile  with  a 
return-to-base  capability.  UTA  development  costs 
will  be  similar  as  for  manned  aircraft.  Procurement 
may  be  slightly  lower.  Cost-effectiveness  of  UTA 
will  be  based  on  essentially  lower  operating  costs 
than  for  manned  aircraft. 

Furthermore,  technology  areas  have  been  defined 
which  for  further  research  and  development  is  re¬ 
commended  before  a  dedicated  UTA  development 
program  should  be  launched.  Among  others,  system 
architectures  as  well  as  design  and  verification 
methods  have  to  be  developed  to  provide  cost-ef¬ 
fective  implementation  of  high  integrity  levels. 
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SUMMARY 

The  Naval  Air  Warfare  Center  has  investigated  the  idea  of 
a  semi-autonomous  air  weapon  system  that  could  be  used 
in  a  lethal  role.  While  such  a  system  appears  to  be  a 
natural  continuation  of  military  aviation  we  are  just  now 
beginning  to  appreciate  some  the  nuances  inherent  in 
such  a  system. 

In  our  approach  we  will  not  just  "put  weapons  on  UAV" 
or  "take  the  pilot  out  of  cockpit"  either  physically  or 
mentally,  or  produce  “more  capable  one-time  use 
weapons.”  Rather  our  proposal  for  JSAAWS  is  for  a  total 
weapon  system  designed  for  the  tasks  at  hand. 

There  are  two  lessons  to  be  learned  from  history.  The 
first  lesson  is  that  a  new  weapon  concept  such  as 
JSAAWS  must  be  designed  for  its  intended  application 
and  not  be  just  a  retrofit  of  an  existing  system.  The 
second  lesson  is  that  we  need  to  develop  JSAAWS  in  an 
orderly  fashion,  we  need  to  walk  before  we  run. 

Potential  advantages  of  a  JSAAWS  for  a  Naval 
Expeditionary  Force  include  increased  survivability, 
decreased  cost,  increased  lethality,  via  increased 
OPTEMPO  and  the  ability  of  a  JSAAWS  to  act  as  a  force 
multiplier,  and  the  ability  to  show  a  more  aggressive 
presence  when  first-on-the-scene. 

In  whatever  role  it  plays,  JSAAWS  must  be  cost  effective 
when  compared  to  manned  aircraft  and  one  time  use 
‘smart’  weapons.  One  major  contributor  to  cost  savings 
would  be  greatly  decreased  operations  and  support  costs 
due  to  vastly  decreased  flying  hours.  For  example,  life 
cycle  cost  could  be  reduced  by  28%  just  from  reduced 
flight  hours. 

We  have  looked  at  several  missions  for  a  JSAAWS,  some 
of  which  are  more  suitable  for  a  JSAAWS  then  others.. 
These  are:  SEAD  (the  initial  mission  of  choice  for  the 
operational  community).  Battlefield  Support  / 
Simplification,  Armed  Recce,  ASuW  in  the  Littoral, 
supporting  Operational  Maneuver.. .from  the  Sea, 
Counter  Cruise  Missiles,  Offensive  Counter  Air,  and 
Defensive  Counter  Air. 

Three  notional  system  design  concepts  have  been 
defined  that  cover  all  of  the  missions  for  a  Naval 
Expeditionary  Force.  The  high-end  concept  is  the  Highly 
Maneuverable  Lethal  Vehicle,  which  will  be  described  in 


detail  in  paper  4  of  this  Conference.  This  would  be  a 
multi-role  system  for  both  air-to-air  and  air-to-surface 
missions.  The  air  arsenal  ship  is  a  concept  that  has  been 
put  forward  by  the  US  Air  Force.  It  would  have  limited 
air-to-air  and  air-to-surface  roles.  The  low-end  concept 
would  have  capability  in  a  limited;  but  operationally 
significant,  set  of  air-to-surface  missions,  CAS,  BAI,  AT, 
SEAD,  Indirect  Fires.  Included  in  this  mission  set  is  a 
significant  percentage  of  the  total  targets  for  tactical 
combat  aircraft. 

J _ INTRODUCTION 

Over  the  past  several  years  there  has  been  steadily 
increasing  interest  and  activity  in  the  area  of  pilotless 
systems  that  could  do  more  than  surveillance.  These 
putative  systems  have  appeared  under  various  names: 
Weaponized  Uiunaimed  Air  Vehicles  (WUAV);  Tactical 
Unmanned  Aerial  Vehicle  (TUAV);  Unmanned  Tactical 
Aircraft  (UTA);  Uninhabited  Air  Vehicles  (UAV),  where 
the  term  uninhabited  means  unmanned  but  stUl 
controlled  to  some  degree  from  outside  the  cockpit; 
Lethal  Unmanned  Vehicles  (LUV);  Lethal  Uninhabited 
Combat  Air  Vehicles  (LUCAV);  Unmanned  Aerial 
Vehicles  (UAV,  again);  Unconstrained  Maneuvering  Air 
Vehicle  (UMAV).  The  constant  thread  here  is  that  the 
system  is  defined  by  what  it  is  not,  i.e.,  not  manned  by  a 
pilot. 

This  situation  is  analogous  to  that  which  developed 
when  the  automobile  was  first  in  use.  When  the 
automobile  was  first  invented  it  was  called  a  horseless 
carriage,  as  this  was  the  only  way  to  describe  its 
essential  quality,  i.e.,  it  carried  things  over  land  without 
a  horse.  The  automobile  is  much  more  than  a  carriage 
without  a  horse,  it  is  much,  much  more.  However  it  could 
only  be  described  in  the  reference  frame  that  existed,  and 
in  that  reference  frame  it  could  only  be  described  at  the 
time  by  what  it  was  not.  The  same  thing  is  true  for 
JSAAWS,  at  the  moment  we  describe  it  by  what  it  is  not. 

While  this  is  as  much  a  matter  of  semantics  as  anything 
else,  words  do  carry  with  them  meanings.  Thus  to  call  the 
system  tmmanned  or  uninhabited  carries  with  it  the 
definitions  that  people  have  given  to  these  words  in  this 
context.  We  could  try  empty  or  vacant,  but  that  would 
give  rise  to  entirely  different  pictures,  so  we  go  with 
joint  semi- autonomous  air  weapon  system  (JSAAWS).  It 
is  difficult  to  describe  something  completely  new  using 
words  that  bring  with  them  pictures  and  ideas  from 


Paper  presented  at  the  AGARD  MSP  Symposium  on  "System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 


9-2 


existing  things. 

We  believe  at  this  time  we  can  start  to  define  an 
uninhabited  system  by  what  it  is  rather  than  by  what  it  is 
not.  The  primary  attribute  of  this  concept  is  that  it  is  to 
be  designed  and  built  using  a  weapon  philosophy.  This 
differs  from  the  approaches  currently  used  to  produce 
aircraft  and  UAV.  Explicit  details  on  what  this  means 
will  be  given  later.  The  major  difference  between  this 
concept  and  current  ‘smart’  weapons  is  that  the  most 
expensive  part  of  this  weapon  system  is  recoverable  and 
reusable.  We  do  believe  that  when  executed  correctly  this 
approach  will  provide  a  discontinuous  change  in  the  way 
we  fight.  It  will  be  a  jump  ahead. 

Possible  mission  roles  arc  being  developed  for  JSAAWS. 
The  fundamental  idea  behind  such  a  system  is  to 
maximize  the  survivability  of  pilots  and  optimize  the 
system  cost  effectiveness,  by  providing  the  option  to 
use  a  cost  effective  JSAAWS  instead  of  a  manned  vehicle, 
or  a  one-time  use  ‘smart’  weapon  such  as  a  cruise  missile, 
thus  allowing  pilots  to  avoid  the  most  dangerous,  dull, 
and  dirty  parts  of  the  battlefield,  yet  retain  the  real-time 
tactical  mission  flexibility  that  is  the  hallmark  of 
TACAIR. 

There  arc  several  trends,  that  taken  together,  arc  drivers 
for  initiating  a  study  of  such  a  concept  now.  Defense 
budgets  arc  likely  to  continue  to  decrease,  or  at  best 
remain  uncertain,  over  the  next  several  years.  The  Naval 
Services  and  the  rest  of  the  DoD  will  continue 
downsizing.  While  this  trend  continues  it  remains  a 
matter  of  national  security  to  maintain,  or  increase  if 
feasible,  our  capabilities.  Whatever  we  do,  threat 
spectrum  we  face  is  becoming  increasingly  lethal  and 
widespread.  At  the  same  time,  particularly  in  conflicts 
that  the  American  people  do  not  sec  as  directly  related  to 
our  national  survival,  public  tolerance  is  decreasing  for 
any  casualties,  military  or  civilian,  hostile,  neutral,  or 
friendly. 

Any  solution  to  this  problem  must  be  cost  effective 
relative  to  alternative  approaches,  and  must  integrate 
with  and  the  existing/proposed  force  structure. 

Our  approach  has  been  to  look  in  an  iterative  fashion  at 
valid  mission  roles,  general  issues  and  requirements, 
notional  operational  concepts  (at  the  mission  and 
engagement  level),  and  notional  implementation 
concepts. 

We  have  identified  several  general  is.sues  that  must  be 
addressed  before  a  JSAAWS  can  be  considered  for 
operational  use.  Flexibility  to  retarget  is  important,  as 
is  positive  combat  identification  (PCID)  of  ground 
targets.  It  will  also  be  important  to  have  well  defined 
rules  of  engagement  (ROEs)  for  accountability,  and  an 
over-ride  capability  to  maintain  positive  control. 
Finally,  it  will  be  critical  to  establish  operational 
doctrine  for  cooperative  engagement  with  manned 


aircraft  and  other  joint,  coalition  and  allied  forces.  The 
JSAAWS  must  be  integrated  into  the  general 
communications  network  and  contribute  to  overall 
battle.spacc  awareness. 

We  have  made  one  complete  pass  through  these  four 
areas  and  this  paper  and  presentation  report  the  results  of 
that  activity.  At  this  point  we  have  no  single  notion  of 
what  a  JSAAWS  should  be.  Rather  we  have  a  collection 
of  ideas  about  different  aspects  of  this  system,  some  of 
which  appear  to  be  contradictory.  However,  as  each 
iteration  refines  the  thinking  about  these  areas,  we  will 
pursue  additional  subjects,  including  technical  and 
operational  is.sues  and  technical  deficiencies  which  can 
lead  to  investment  decisions.  We  will  also  inve.stigatc 
the  current  state  of  technology  and  determine  what 
demonstrations  arc  both  feasible  and  necessary.  We  plan 
for  these  later  activities  to  lead  to  maturation  of  one  or 
more  specific  concepts  and  the  technologies  required  to 
implement  them,  and  finally  to  development  of  the 
system. 

2  LESSONS  OF  HISTORY 

The  JSAAWS  concept  Ls  a  natural  evolution  of  trends  in 
military  aviation.  Because  of  the  ever-increasing  pilot 
workload,  one  trend  is  that  more  and  more  functions  on 
aircraft  arc  being  performed  without  the  intervention,  or 
in  some  cases  even  without  the  initiation,  of  the  pilot. 
On  the  weapon  side,  the  trend  is  toward  more  and  more 
autonomy  and  multimission  roles.  Walleye,  at  the  state 
of  the  art  25  years  ago  with  its  datalink  and  MITL 
guidance,  can  be  compared  to  Tomahawk,  with  its  long 
range  and  preplanned  strike  capabilities.  The  notional 
next  step  will  expand  the  role  of  the  weapon  even  more. 
A  third  trend  is  the  proposed  evolution  of  UAVs  from 
unarmed  reconnaissance  to  armed  combat.  These  trends 
converge  to  a  weapon  system,  or  more  likely,  a  family  of 
weapons  systems.  It  is  in  the  space  of  this  convergence 
that  wc  want  to  look  for  concepts  for  JSAAWS. 

Moving  to  a  JSAAWS  also  continues  the  general  trend  in 
military  aviation,  and  wc  can  see  history  repeating 
itself. 

When  manned  aircraft  were  first  used,  both  for  over-land 
and  at-sea  operations,  their  purpose  was  surveillance  and 
reconnaissance.  Commanders  wanted  to  know  where  the 
enemy  was  and  what  they  were  doing.  This  was  the 
equivalent  of  taking  the  high  ground  for  information 
purposes  so  that  maneuvers  could  be  more  effective. 

This  is  the  current  operational  status  of  UAVs.  Wc  use 
them  to  locate  troops  and  other  potential  targets.  For 
manned  aircraft  this  evolved  into  serving  as  spotters  for 
artillery  and  naval  gun  fire.  In  addition  to  locating 
targets  and  providing  that  information  to  the  gunners, 
manned  aircraft  could  also  feed  back  better  information 
on  where  shells  were  landing  and  more  rapidly  concct 
firing  solutions.  They  served  a  targeting  and  fire  control 
function.  UAVs  arc  being  used  in  that  manner  today,  in 
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support  of  field  artillery.  There  is  currently  a  lot  of 
discussion,  and  some  experimentation,  using  off-board 
assets  to  provide  real-time-information-into-the  cockpit 
(RTIC)  and  to  designate  targets  using  lasers. 

In  the  history  of  manned  aircraft,  he  next  step  was  to 
incorporate  on-board  ordnance.  The  original  ordnance 
was  not  very  effective  nor  were  the  aircraft  effective  at 
delivering  it,  because  neither  had  been  designed  and  built 
for  that  purpose.  This  application  for  unmanned  systems 
is  also  generating  a  lot  of  discussion  and  some 
experimentation.  There  are  reports  of  one  or  two 
experiments  in  the  Army  and  Marines  using  UAVs  to 
drop  bombs  and  shoot  missiles. 

The  final  mission  step  for  maimed  aircraft  was  to  deliver 
ordnance.  This  also  led  to  the  need  to  survive  attack, 
both  from  other  aircraft  and  from  the  ground.  As  the 
purpose  changed  so  did  the  designs. 

There  are  two  lessons  to  be  learned  from  this  history. 

The  first  lesson  is  that  a  successful,  effective  JSAAWS 
must  be  designed  for  its  intended  application  and  not  be 
just  a  retrofit  of  an  existing  system.  The  second  lesson 
is  that  we  need  to  develop  JSAAWS  in  an  orderly 
fashion,  we  need  to  walk  before  we  run.  As  in  any 
endeavor,  when  we  try  to  change  too  many  things  at 
once  we  usually  don’t  succeed.  Thus  we  need  to  take  a 
step-by-step  approach  and  not  try  to  do  too  much  at  first 
with  JSAAWS.  This  ensures  that  any  mistakes  we  might 
make  don’t  cost  too  much  because  corrections  are  easier 
to  make.  But  it  also  means  that  to  have  any  significant 
capability  when  it  is  needed  we  need  to  start  activities 
now. 

One  fundamental  question  that  will  be  answered  in  the 
next  several  years  is  which  way  will  we  go  with 
unmanned  systems?  Will  we  learn  the  lessons  of  histoiy 
or  not? 

The  notion  of  a  JSAAWS,  or  something  similar,  is  not 
new.  There  are  numerous  examples  of  unmanned  vehicles 
carrying  and  releasing  weapons  going  back  many  years. 
So  we  must  ask  ourselves  two  questions.  Why  should  we 
be  thinking  about  moving  from  manned  aircraft  to 
JSAAWS?  and  What  is  different  now  that  makes  us  think 
we  are  ready  to  do  this  successfully  on  a  routine  basis? 
The  answer  to  the  first  lies  on  the  typical  technology  “S” 
curves  shown  in  Figure  1 . 

If  we  think  we  are  still  on  the  steep  part  of  the  curve  for 
manned  aircraft  then  it  will  be  more  cost  effective  for  us 
to  continue  to  develop  them  .  If  we  think  we  are  on  the 
flatter  part  of  the  curve  then  in  order  to  make  significant 
improvements  in  combat  effectiveness  we  are  going  to 
have  to  leave  the  manned  aircraft  curve,  even  if  the 
initial  JSSAWS  are  somewhat  less  capable. 


Figure  1.  Technology  Maturation  Curve 


Several  technologies  contribute  to  the  ultimate  success 
of  a  JSAAWS.  The  primary  technology  is  the  Global 
Position  Satellite  (GPS)  system.  This  system  allows 
both  extremely  accurate  navigation  and  weapons 
delivery  to  a  determined  location  to  be  automated  to  an 
extent  that  has  not  been  possible  in  the  past.  The  ability 
to  control  air  vehicle  flight  via  computers  has  been 
demonstrated  in  a  number  of  “fly  by  wire”  aircraft.  This, 
coupled  with  the  huge  amount  of  computing  capability 
that  is  available  from  modem  signal  processors  and 
advances  in  intelligent  decision  making  algorithms  will 
allow  these  systems  to  fly  themselves  given  only  upper 
level  commands. 

3  UTILITY 

Potential  advantages  of  a  JSAAWS  for  a  Naval 
Expeditionary  Force  could  occur  in  several  area.  These 
include,  decreased  casualties,  increased  survivability, 
decreased  cost,  increased  lethality  via  increased 
OPTEMPO  and  ability  of  a  JSAAWS  to  act  as  a  force 
multiplier,  and  the  command  option  to  show  a  more 
dominating  presence  when  first-on-the-scene.  Below  we 
postulate  several  possibilities,  each  of  which  is 
dependent  on  the  JSAAWS  having  the  increased 
capabilities  spiecified.  Which  of  these  is  attained  will 
depiend  on  what  specific  implementation,  or 
implementations,  of  this  concept  actually  come  to 
fruition. 

The  ability  to  put  an  opponent’s  assets  at  risk  in 
situations  that  would  otherwise  be  highly  dangerous  for 
our  warriors  greatly  increases  the  acceptable  tactical  and 
strategic  options  available  to  our  commanders,  both  in 
limited  warfare  environments  where  loss  of  American 
warriors’  lives  is  unacceptable,  and  in  high-temp>o 
warfare,  where  skilled  pilots  are  an  asset  that  is  not 
replaceable  in  the  near  term. 

In  addition,  the  training  required  for  such  missions 
carries  its  own  hazards  and  losses.  Pilot  survivability  in 
training  mishaps  ensures  their  availability  when  needed 


9-4 


for  combat. 

OPTEMPO  and  force  multiplication  could  be  increased  in 
a  number  of  ways.  Being  pilotless,  time  on  station 
would  be  determined  by  hardware  issues  such  as  refueling 
capabilities  and  mean  flight  hours  between  operational 
mission  failure  (MFHBOMF).  On  the  ground,  turn-around 
times  might  be  decreased  if  there  were  no  sub  systems 
devoted  to  the  pilot.  If  JSAAWS  is  used  in  CAP-like 
missions  then  pilots  can  be  more  available  for  missions 
that  require  human  presence.  Using  a  JSAAWS  could 
reduce  the  need  for  SEAD,  because,  depending  on  design 
specifics,  its  unmanned  nature  could  allow  much  more 
aggressive  and  survivable  nap-of-the-carth  ingress,  or  it 
could  be  smaller  and  less  observable,  or  it  could  out- 
maneuver  threat  missiles,  or  any  one  of  a  number  of 
other  attributes  could  lead  to  greater  survivability 
against  threats.  This  would  allow  urgent  targets  to  be 
attacked  as  needed,  and  SEAD  would  be  performed  only 
when  needed,  such  as  before  manned  aircraft  arc  used  in  a 
particular  area.  A  highly  survivable  JSAAWS  that  could 
get  in  close  enough  to  the  target  and  had  adequate  flight 
control,  weapons  release  capability  and  targeting 
information  could  use  abundant,  simple  ordnance,  such 
as  guns,  rockets,  and  dumb  bombs.  This  would  mean  that 
weapons  will  always  be  available. 

Decreased  cost  of  ownership  is  possible  from  a  number 
of  aspects.  There  will  be  no  cockpit  or  life  support 
systems.  This  leads  to  a  direct  cost  saving  and,  because 
of  the  decrease  in  weight,  to  a  further  indirect  savings. 
Because  the  airframe  will  not  have  to  be  man-rated  the 
amount  of  safety  margin  required  will  be  decreased,  which 
in  turn  will  lower  manufacturing  and  O&S  costs  as  well  as 
decrease  test  and  evaluation  costs.  In  addition  if  we 
think  of  the  air  vehicle  as  just  another  subsystem  we 
could  look  at  balancing  the  cost  of  maintenance  vice  that 
of  replacement.  This  would  mean  building  the  air 
vehicle  for  finite  use  rather  than  as  the  longest  lived 
subsystem,  and  then  replacing  it  if  it  is  cost  effective  to 
do  so. 

One  example  of  how  operation  and  support  costs  might 
be  reduced  is  that  of  flying  hours.  One  option  would  be 
to  build  the  vehicle  for  a  pre-selected  number  of  flight 
hours.  If  we  choose  1,000  flight  hours  as  the  total  we 
can  get  significant  cost  savings.  Let  us  assume  800 
hours  combat  and  200  hours  training.  This  1,000  flight 
hours  is  roughly  one-eighth  the  number  of  flight  hours, 
takeoffs  and  landings  as  a  typical  F/A-18.  We  further 
assume  savings  accrue  as  a  pro  rata  percentage  of  total 
program  cost  and  use  the  life  cycle  costs  (LCC)  data 
generated  by  the  Joint  Advanced  Strike  Technology 
program. 

From  procurement  we  have  a  savings  of  7/8  of  the  cost  of 
initial  spares,  which  is  2%  of  the  LCC.  This  gives  a 
1.8%  LCC  savings.  From  operations  and  support  (O&S) 
we  have  a  savings  of  7/8  of  the  cost  of  unit  level 
consumption,  maintenance,  and  support.  This  has  been 


calculated  to  be  30%  of  the  LCC,  which  leads  to  a 
savings  of  26.2%  of  LCC.  Note  that  this  savings  comes 
from  the  peacetime  O&S  costs,  traditionally  the  most 
difficult  funds  to  obtain.  Taken  together  these  give  a  life 
cycle  cost  savings  of  28%  just  from  reduced  peacetime 
flight  hours.  Additional  savings  could  also  be  available 
from  reduced  unit  procurement  costs  and  possibly  from 
reduced  manning  levels  and  base  support  for  training. 
The  unit  procurement  costs  need  to  include  the  cost  of 
ground  stations  supporting  the  JSAAWS;  one  unresolved 
issue  is  the  number  of  JSAAWS  that  could  be  supported 
by  each  ground  station. 

Other  potential  sources  of  overall  system  cost  savings 
include;  a  JSAAWS,  because  of  its  inherent 
survivability,  would  also  not  require  a  large  strike 
support  package  and  the  number  of  support  aircraft  could 
be  decreased;  most  training  could  be  performed  by 
simulation  decreasing  training  costs  beyond  just  those 
from  decreased  flight  hours  -  for  example  we  would  no 
longer  need  to  build  flight  trainers;  increased 
survivability  could  also  allow  the  use  of  shorter  range, 
less  expensive,  expendable  ordnance  such  as  guns, 
rockets,  and  dumb  bombs.  Higher  lethality,  because  of 
increased  weapons  delivery  accuracy,  also  means  that 
less  ordnance  of  any  type  would  need  to  be  used  on  any 
target. 

Other  areas  of  pxitential  cost  savings  that  will  need  to  be 
investigated  include  a  decreased  logistics  footprint  and  a 
decreased  support  infrastructure,  including  the 
possibility  of  decreased  manning  levels. 

A  JSAAWS  will  allow  a  Naval  Expeditionary  Force  (NEF) 
to  have  a  much  more  aggressive  presence  when  it  is  first 
on  the  scene,  or  at  any  time.  The  NEF  will  have  limited 
assets,  typically  one  carrier  battle  group,  yet  in  the  early 
stages  of  a  crisis  or  a  conflict  that  erupts  suddenly  it 
might  have  to  carry  out  the  full  range  of  missions.  Al.so 
because  by  definition  we  are  trying  to  bring  the  fight  to 
the  enemy,  our  adversaries  will  either  be  within  their 
own  borders  or  just  across  from  them.  Thus,  in  addition 
to  interior  lines  of  supply,  they  will  have  access  to  their 
entire  stockpile  of  assets,  all  of  which  we  may  not  know 
about,  either  their  location  or  their  capability.  Also,  at 
least  at  first,  we  arc  likely  to  be  in  a  reactive  mode 
because  an  adversary's  intentions  might  not  be  fully 
known. 

Because  there  is  no  danger  of  ca.sualties  a  JSAAWS  will 
allow  us  to  fly  against  an  unknown  adversary  as  one  way 
to  assess  his  strength  and  intentions.  Using  it 
aggressively  will  also  allow  us  to  impact  the  outcome 
early  on  in  cither  a  Forward  Presence/Crisis  Response 
situation  or  in  the  first  days  of  a  campaign. 

One  caveat  to  this  is  that  in  the  early  days  of  JSAAWS 
incorporation  into  the  Force  Structure  we  arc  likely  to  be 
as  cautious  of  their  use  in  high  risk  situations  as  we  arc 
now  with  manned  aircraft  or  current  UAVs.  As  an 
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important  asset,  the  loss  of  even  one  would  be  a  serious 
consideration.  But  if  we  can  change  the  mindset 
then  we  can  move  to  a  more  liberal  use  of  these  systems. 

4  rWANfiE  THF.  MTNDSET 

In  our  approach  we  will  not  just  "put  weapons  on  UAV" 
or  "take  the  pilot  out  of  cockpit"  either  physically  or 
mentally,  or  produce  “more  capable  one-time  use 
weapons.”  Rather  our  proposal  for  JSAAWS  is  for  a  total 
weapon  system  designed  for  the  tasks  at  hand. 

One  thing  that  needs  to  be  done  to  maximize  the  benefit 
of  a  JSAAWS  is  to  break  out  of  our  old  ways  of  thinking 
about  aircraft  and  weapons  from  both  an  operational 
perspective  and  in  the  engineering  design. 

Operationally  we  need  to  think  about  using  a  JSAAWS  as 
if  it  were  a  weapon  and  not  an  aircraft.  This  new 
approach  means  that  operationally  mission  lines  can 
blur  when  we  consider  how  to  use  a  JSAAWS.  New 
missions  can  also  be  considered,  and  old  missions  that 
were  abandoned  for  various  reasons  can  be  reconsidered. 
In  this  context  JSAAWS  changes  the 
calculus  of  attrition,  survivability  becomes  strictly  an 
economic  and  warfighting  effectiveness  issue,  not  an 
issue  of  casualties.  This,  coupled  with  the  postulated 
increased  capabilities  of  a  JSAAWS,  allows  us  to  look  at 
new  tactics  for  its  employment.  It  also  allows  us  to  look 
again  at  older  tactics  that  have  lost  favor  because  of 
survivability  concerns. 

On  the  engineering  design  side  we  need  to  stop  thinking 


of  JSAAWS  as  aircraft  or  a  UAV  and  start  thinking  in 
terms  of  a  weapon  system.  To  build  such  a  system  might 
require  us  to  combine  the  expertise  of  those  who  can  cost 
effectively  build  re-usable  vehicular  platforms  with  those 
who  can  design  and  build  weapons  that  work  the  first 
time,  even  after  many  years  of  storage. 

We  need  to  get  around  our  notion  that  aircraft  break  if 
they  are  not  used  and  to  think  “All  Up  Round”  for  a 
JSAAWS.  Since  most  will  not  be  in  peacetime  use,  but 
need  to  work  the  first  time  out  of  the  box  during 
hostilities,  we  need  to  be  concerned  from  the  first  with 
designing  in  total  system  reliability,  and  to  back  that 
we  need  built  in  tests  (BITs)  that  check  a  greater 
percentage  of  probable  potential  failure  modes, 
compared  to  manned  aircraft. 

Another  example  -  aircraft  have  tops  and  bottoms  and 
sides,  but  should  a  JSAAWS?  And  if  it  does  have  a  top, 
bottom  and  sides,  should  the  inlet  go  on  top  to  mitigate 
signature  issues,  and  should  the  ground  looking  sensors 
go  on  the  bottom?  While  just  the  opposite  of  manned 
aircraft,  these  may  be  the  best  JSAAWS  system  solution. 

Another  option  is  to  missionize  JSAAWS  so  that  it 
carries  only  what  it  needs  for  a  specific  mission.  Make 
all  subsystems  “Plug  and  Play”,  and  make  the  Air  Vehicle 
just  another  subsystem.  Look  at  balancing  the  cost  of 
maintenance  vice  that  of  replacement.  Think  about 
building  the  air  vehicle  for  finite  use  rather  than  as  the 
longest  lived  subsystem,  and  replace  it  when  it  is  cost 
effective  to  do  so.  These  and  several  other 
considerations  are  shown  in  Table  I. 


Table  I.  Aircraft  -  JSAAWS  -  Weapons  Comparisons 


Aircraft 

JSAAWS 

Weapons 

High  value  asset 

Capable,  reusable 
ultimately  expendable 

Expendable 

Pilot  in  vehicle 
Non-autonomous 

Operator  not  in  vehicle 

Semi- Autonomous 

No  operator 

Autonomous  in  free  flight 

Requires  constant  maintenance 

All-up-Round,  but 

Maintain  during  combat 

All-up-Round 

Build  to  maintain 

Multiple  flights  (~8,000  hr) 

Build  to  replace 

Multiple  flights  (-1,000  hr) 

BuBd  to  use  once 

Free  flight  (-2  hr) 

Many  captive  carries 

Air  Vehicle  primary  subsystem  - 
70%  unit  cost 

No  primary  subsystem  - 
cost  and  capability  uniformly 
distributed 

Guidance  &  Control  primary  subsystem 

60%  unit  cost 

Training/proficiency  flights  >95% 

Combat  flights 
-80% 

Combat  flights 
-95% 

Fly  to  retain  pilot  proficiency 

Fly  to  retain  maintenance  proficiency  & 
check  system  readiness 

Fly  to  check  system  readiness 

Unit  cost  $30M-$80M 

Unit  cost  (goal)  <$10M 

Unit  cost  <$1M 

O&S  unit  cost  $30M-$80M 

O&S  unit  cost  (goal)  <$5M 

O&S  unit  cost  20%  unit  cost 

What  we  are  trying  to  capture  here  is  the  idea  that 
traditional  military  aircraft  are  built  to  do  a  lot  more  than 
deliver  ordnance.  In  fact  their  primary  function  is  to 


bring  themselves  and  the  pilot  (both  valuable,  scarce 
assets,  back  to  the  ship.  Typical  survival  probabilities 
for  manned  aircraft  in  combat  are  greater  than  0.998  per 
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sortie,  while  typical  probabilities  of  killing  a  target  for 
the  same  aircraft  arc  less  than  0.5  per  sortie.  Compare 
this  to  a  JSAAWS  that  ha.s  as  its  primary  function 
delivering  weapons  on  targets.  Thus  we  need  to  be 
weapon  delivery  centric  in  our  designs  rather  than  pilot 
centric. 

This  means  that  certain  subsystems  can  have  different 
requirements  depending  on  whether  they  are  being  used 
in  the  air  vehicle  mode  or  the  weapon  system  mode.  In 
some  cases  not  only  are  the  requirements  different,  but 
entirely  different  data  are  needed  by  the  two  systems,  air 
vehicle  and  weapon  system.  In  general  for  a  JSAAWS 
weapon  system,  requirements  will  be  more  stringent  then 
air  vehicle  requirements.  Take  as  one  example  the 
navigation  system.  In  an  aircraft  (air  vehicle)  the 
purpose  of  this  system  is  largely  to  get  from  point  to 
point  and  the  horizontal  position  only  needs  to  be 
known  to  within  hundreds  of  meters,  while  for  a  weapon 
delivery  system  this  needs  to  be  known  to  within  meters. 
For  vertical  position  aircraft  use  barometric  pressure, 
which  is  good  to  within  tens  of  meters,  while  the  weapon 
system  needs  this  to  within  meters.  Aircraft  normally 
need  to  know  ground  speed  to  within  2-4  km/hr,  while  a 
weapon  system  needs  this  information  to  within  cm/scc. 

Both  the  uninhabited  aircraft  and  the  armed  UAV  have 
their  proponents.  Our  view  is  that  if  one  or  the  other  of 
those  approaches  is  the  only  one  taken  then  we  will  be, 
in  effect,  limiting  our  options  before  we  even  start  to 
look  at  the  issues.  Each  of  those  approaches  has  an 
existing  community  and  an  existing  mindset,  not  to 
mention  existing  hardware,  that  it  will  bring  to  the 
table.  If  the  implementation  is  simply  bringing  together 
existing  components,  i.  e.,  existing  weapons  and 
platforms,  then  it  might  be  available  quickly,  and  would 
be  valuable  for  initial  looks  at  the  operational  issues 
involved  in  fielding  such  a  system,  but  such  an 
implementation  will  not  be  an  optimized  system  and  will 
not  take  full  advantage  of  the  concept  either  in 
performance  or  affordability.  To  maximize  the  benefit  in 
terms  of  cost  effectiveness  of  JSAAWS  we  need  to  break 
out  of  our  old  ways  of  thinking  about  aircraft  and 
weapons  from  both  an  operational  perspective  and  in  the 
engineering  design. 

S _ MISSIONS 

We  have  looked  at  several  missions  for  a  JSAAWS,  some 
of  which  arc  more  compatible  with  a  JSAAWS  then 
others.  These  are:  SEAD,  Battlefield  Support  / 
Simplification,  Armed  Recce,  ASuW  in  the  Littoral, 
supporting  Operational  Maneuver... from  the  Sea, 

Counter  Cruise  Missiles,  Offensive  Counter  Air,  and 
Defensive  Counter  Air.  Our  initial  thoughts  for  thc.se 
missions  arc  presented  below. 

SEAD.  This  is  the  initial  mission  of  choice  for  those 
elements  of  the  operational  community  with  whom  we 


have  discussed  this  concept.  A  survivable  JSAAWS,  as 
postulated  above,  increases  the  options  to  do  lethal, 
non-lcthal,  or  no  SEAD.  The  threat/target  can  be 
attacked  from  multiple  directions.  Non-lcthal  options 
arc  similar  (but  not  identical)  to  those  for  manned 
aircraft;  cheap  di.sposablc  jammers,  chaff  delivered  in 
more  flexible  corridors  or  directly  over  a  radar,  self 
jamming  where  decreased  range  allows  for  smaller 
powcr/apcrturc.  Lethal  options  include  using  cheaper, 
general  purpose  weapons.  Because  of  the  p>otcntial  for 
nap-of-thc -earth  flight,  decreased  size  and  observability 
and  incrca.scd  maneuverability,  JSAAWS  will  also  be 
more  survivable  again.st  pop-up  SAMs.  This  allows 
JSAAWS  the  flexibility  to  ignore  air  defenses,  if  the  pre- 
briefed  mission  is  time  critical  or  to  attack  them  if  not. 

Several  employment  tactics  have  been  considered. 
Terminal  evasion  and  very  low  level  (~50  ft.)  flight  arc 
two  that  look  attractive.  The  continuous  threat  of  attack 
by  a  nap-of-thc-carth  JSAAWS  will  drive  threat  radar  to 
be  on  more  making  them  vulnerable  to  HARM  attack. 
The  net  rc.sult  is  that  SEAD  changes  from  a  requirement  to 
an  option. 

Battlefield  Support/Simplification.  This  is  a 
combination  and  evolution  of  Close  Air  Support  (CAS), 
Battlefield  Air  Interdiction  (BAT),  and  Air  Interdiction 
(AT).  CAS  is  a  time  critical  mission,  needed  to  help 
ground  forces.  Because  we  generally  don’t  know  what 
the  ground-based  threat  will  be  it  is  dangerous;  however 
survivability  must  not  be  an  issue  in  determining  if  it  is 
carried  out  or  not.  Being  unmanned  and  highly 
survivable  JSAAWS  can  carry  out  this  mission  under  all 
circumstances  and  in  the  shortest  possible  time. 

Concealment,  camouflage,  and  deception  (CCD) 
capabilities  of  military  ground  vehicles  arc  rapidly 
increasing,  while  signature  control  is  increasing.  All  of 
this  makes  it  harder  to  find  and  identify  mobile  targets 
when  they  arc  stationary.  There  arc  a  lot  of  targets  in 
total  and  achieving  multiple  kills  per  sortie,  rather  than 
the  current  multiple  sorties  per  kill,  would  be  a  real  plus. 

One  option  with  a  JSAAWS  would  be  to  only  attack  these 
targets,  armor,  APCs,  artillery,  etc.,  just  before  they  get 
close  enough  to  the  forward  line  of  troops  (PLOT)  to 
impact  troops  on  the  ground.  Getting  them  while  they 
are  moving  will  to  some  extent  mitigate  the  CCD  issue. 
This  also  docs  away  with  the  longer,  less  productive, 

BAl  and  AT  missions  against  these  type  of  targets  and  so 
increases  efficiency.  It  also  decreases  collateral  damage 
considerations.  The  targets  will  be  far  enough  away  from 
our  troops  so  friendly  fire  is  not  a  worry,  but  close 
enough  to  the  PLOT  that  there  will  be  minimal  enemy 
collateral  damage  considerations  because  everything  will 
soon  be  in  the  field  of  fire  from  ground  forces.  We  could 
have  a  rolling  kill  line  just  far  enough  in  front  of  the 
ground  forces  so  that  we  minimize  time  to  kill  while  not 
putting  ground  forces  in  jeopardy. 
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This  has  psychological  consequences.  If  an  enemy 
knows  he  can/might  be  killed  anywhere  he  has  no  reason 
not  to  get  to  the  PLOT  to  fight  back.  If  however  he 
knows  that  the  likelihood  of  being  killed  from  the  air 
increases  by  a  lot  within,  ten  kilometers  of  the  PLOT,  he 
might  be  less  inclined  to  hurry  to  get  there. 

Armed  Recce  and  ASuW  in  the  Littoral.  These  two 
missions  have  many  common  characteristics.  The 
environment  and  ROEs  highly  asymmetric.  They  are 
carried-out  in  congested  environments  where  targets  will 
be  among  many  non-targets  and  collateral  damage  is  a 
major  issue.  Hence  there  are  many  more  restrictions  on 
us  than  on  an  adversary.  Pop-up  threats  will  be  present 
and  we  wUl  be  looking  to  engage  relocatable  and  moving 
targets.  These  things  require  either  self  targeting  or 
continuous  targeting  from  off-board  assets.  A  survivable 
JSAAWS  allows  a  longer  time  within  which  to  make 
shoot/no -shoot  decisions.  If  identification  is  a  problem 
JSAAWS  can  get  closer  to  a  potential  target  thus 
increasing  the  probability  of  prop>er  identification  and 
decreasing  the  probability  of  killing  the  wrong  thing. 

If  a  no-shoot  decision  is  made  and  JSAAWS  is  lost  no 
pilots  are  lost  and  the  consequences  are  not  as  great. 

Operational  Maneuver  ...from  the  Sea.  The  US  Marines 
are  developing  several  tactics  in  this  area  involving 
distributed  combat  cells.  One  example  involves  landing 
several  small  forces,  separated  in  distance,  who  can  mass 
fire  on  a  given  target  from  diverse  locations  rather  than 
massing  manpower  and  allowing  easier  detection  and 
coordinated  response  by  our  enemies. 

These  forces  will  need  to  be  able  to  call  fire  when  and 
where  it  is  needed.  One  possible  solution  is  for  several 
JSAAWS  to  loiter  close  at  hand  over  enemy  soil,  to  act 
as  organic  assets  for  each  fire  team.  This  would  allow  for 
precise  time-on-target  and  rapid  response  without 
exposing  pilots  to  extended  missions  in  high-threat 
environments. 

Counter  Cruise  Missiles.  To  defend  against  these 
missiles  in  flight  is  a  difficult  mission.  If  the  attack  is 
by  missiles  latmched  from  dispersed  sites  and  targeted  at 
either  dispersed  sites  or  a  single  site  there  are  a  number 
of  functions  that  must  be  accomplished.  The  first 
function  is  to  find  them.  This  could  be  done  by  airborne 
or  spacebome  assets.  The  difficulty  will  arise  from  the 
degree  of  stealth  in  the  cruise  missiles.  The  second 
function  will  be  to  intercept  the  cruise  missiles  before 
they  reach  the  target.  If  the  missiles  are  carrying 
chemical,  biological  or  nuclear  weapons  then  the  issue 
becomes  one  of  intercepting  them  before  they  cross  the 
PLOT.  Finally  the  missiles  must  be  destroyed.  One 
solution  to  the  intercept  problem  is  a  very  fast  counter¬ 
cruise-missile  missile,  keyed  by  the  observation 
platform  and  launched  from  a  surface  or  airborne 
platform,  and  having  sufficient  guidance  and  fuzing 
capability  to  get  to  and  destroy  the  cruise  missile.  The 
issue  here  is  cost  and  capability.  Another  solution  is 


wide  area  coverage  provided  by  a  few  highly  capable 
forward-deployed  JSAAWS,  which  can  both  target  and 
shoot  at  the  missiles.  This  mission  will  require  a  highly 
capable  sensor  suite  to  provide  the  wide  area  coverage, 
even  if  cued  from  other  assets,  and  either  a  high  speed 
JSAAWS  or  a  high  speed,  high  capability  weapon.  A 
high  speed  JSAAWS  would  provide  the  challenge  of 
mixing  loiter  and  speed  in  a  single  airframe.  A  third 
solution  is  to  provide  high  density  coverage  over  a 
defensive  belt  using  numerous,  mediocre,  but  armed, 
JSAAWS.  TThe  belt  must  be  wide  enough  to  allow  for 
second  chance  detections  and  second  shots.  The  key  will 
be  sustainability  of  large  numbers  of  loitering  airborne 
defenders.  These  JSAAWS  would  need  loiter  capability 
and  sensors  that  can  detect  ground-hugging,  low 
observable  threats.  The  key  will  be  to  keep  the  price 
down,  while  maintaining  sufficient  capability. 

If  the  attack  is  by  a  large  number  of  cruise  missiles,  more 
ordnance  is  necessary  to  destroy  them.  This  presents 
payload  issues  for  the  JSAAWS,  be  they  few  and  capable 
or  many  and  mediocre.  No  matter  how  many  JSAAWS 
there  are  there  will  be  more  cruise  missiles  and  some 
JSAAWS  will  be  called  upon  to  deliver  multiple  kills.  If 
this  is  done  with  close-in  weapwns  such  as  guns  and 
rockets  then  the  JSAAWS  must  make  each  kill  quickly 
and  then  move  on  the  catch  the  next  cruise  missile.  This 
will  require  a  JSAAWS  with  high  speed.  If  longer  range 
weapons  are  used  the  JSAAWS  will  need  to  cany  enough 
of  them  to  kill  a  sufficient  number  of  the  cruise  missiles. 

Offensive  Counter  Air.  This  is  a  time  critical  mission. 
Attack  of  highly  defended  airfields  with  readily 
identifiable  targets,  such  as  runways  and  revetted  aircraft, 
is  well  suited  to  a  JSAAWS.  Aircraft  are  easier  to  find  and 
kill  on  the  ground.  They  don't  maneuver  or  shoot  back 
with  highly  capable  air-to-air  missiles,  although  airfield 
air  defenses  do  shoot  back,  and  they  are  cheaper  to  kill 
on  the  ground  using  things  like  guns,  rockets,  dumb 
bombs,  or  even  JDAMs,  vice  AMRAAM  or  AIM-9  in  the 
air.  The  use  of  guns  and  rockets  would  also  increase  the 
number  of  kills  per  sortie  because  of  the  ability  of  the 
JSAAWS  to  carry  more  bullets  or  rockets  than  bombs. 

Defensive  Counter  Air.  A  highly  maneuverable 
JSAAWS  would  overcome  the  exchange  ratio  problem. 
Such  a  system  could  either  survive  most  missile  attacks 
or  defeat  threat  aircraft  in  the  merge/post-merge 
battlespace  by  out-maneuvering  them  and  destroying 
them  before  they  launch  their  close-in  missiles.  Also 
the  psychological  consequences  on  an  enemy  if  he  knew 
he  was  facing  an  iminhabited  system  rather  than  another 
pilot  could  be  extremely  demoralizing. 

Some  arguments  on  exchange  ratio  make  the  case  that  we 
won't  have  to  worry  about  fighting  superior  aircraft  and 
weapons  because  no  adversary  can  afford  many  of  them. 
They  are  bought  not  to  fight  NATO  but  to  intimidate,  and 
be  used  against,  regional  rivals  and  they  won't  be  risked 
against  us  because  we  have  superior  pilots  and  vastly 
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sujxsrior  numbers.  However,  even  if  we  do  end  up 
fighting  superior  aircraft  and  weapons  we  will  eventually 
defeat  them,  and  if  it  takes  the  loss  of  some  of  our  aircraft 
that  will  not  impact  the  campaign  because  of  our 
overwhelming  number  advantage. 

This  argument  breaks  down  if  zero  casualties  becomes  an 
explicit,  or  implicit,  requirement  as  it  might  in  less  than 
MRC  level  conflicts.  Wimess  the  Scott  O'Grady  affair  in 
Bosnia  where  we  risked  the  lives  of  many  more 
personnel  and  the  loss  of  much  more  equipment  to  try  to 
prevent  his  capture.  It  also  breaks  down  in  scenarios 
where  the  Navy  is  the  first  or  the  only  service  on  the 
scene.  Under  those  circumstances  we  have  very  few 
aircraft  on  scene  and  can't  afford  to  lose  any.  It  also 
breaks  down  in  enforcing  no-fly  zones  when  we  might 
see  exclusively  few  on  few  engagements.  These 
engagements  will  all  be  at  the  adversary’s  initiation  and 
could  put  us  cither  at  parity  or  at  a  numerical 
disadvantage  at  the  time  of  the  fight.  This  coupled  with 
superior  weapons  in  an  adversary’s  hands  could  make 
enforcing  a  no-fly  zone  either  impossible  or  extremely 
expensive  as  we  increase  the  number  of  platforms  on 
patrol. 

JSAA'WS  also  helps  overcome  some  IFFN  Issues. 
Currently  survival  in  air-to-air  engagements  is  largely  a 
matter  of  killing  your  opponent  before  he  shoots  at  you. 
This  means  getting  the  first  shot  off  at  fairly  long 
ranges,  which  can  be  in  conflict  with  ROEs  that  say  we 
need  piositive,  visual,  identification.  With  a  JSAAWS 
that  is  survivable  by  means  other  than  killing  the 
opponent,  for  example  superior  maneuverability,  we 
have  the  option  of  switching  to  an  ROE  that  is  -  kill 
only  when  positive  identification  has  been  made  -  with 
very  little  danger  of  losing  a  JSAAWS. 

One  option  would  be  to  only  fire  if  fired  upon  or  to  use  a 
datalink  to  have  a  remotely  located  operator  make  the 
firing  decision.  Since  there  is  no  danger  of  losing  a 
pilot,  and  the  JSAAWS  would  be  highly  survivable,  it 
could  get  a  lot  closer  to  the  incoming  aircraft  before  it 
had  to  make  a  decision  on  what  actions  to  take. 

While  survivability  might  not  be  as  much  of  a  concern 
for  the  F/A-18  E/F  and  the  F-22,  both  of  which  arc 
postulated  to  be  much  more  survivable  than  the  air 
superiority  fighters  of  the  past,  it  will  continue  to  be  an 
issue  for  the  older  generation  of  aircraft  that  would  still 
be  part  of  the  force  mix  if  not  replaced  by  a  JSAAWS. 
Another  potential  advantage  of  using  JSAAWS  is  that  if 
the  only  manned  fighters  in  the  air  arc  the  adversary’s, 
we  could  exercise  the  option  of  risking  a  beyond  visual 
range  shot  with  only  reasonable  indication  (>95%)  that 
the  aircraft  is  an  enemy;  whereas  if  we  had  manned 
aircraft  in  the  area,  the  requirement  would  be  >99.999% 
positive  visual  identification. 


6  FUNCTIONAL  CONCEPTS 

Three  concepts  have  been  defined  that  cover  all  of  the 
missions  for  a  Naval  Expeditionary  Force.  'They  arc  also 
from  diverse  parts  of  the  potential  design  space. 

The  high-end  concept  is  the  Highly  Maneuverable  Lethal 
Vehicle  presented  in  detail  in  paper  4  of  this  Conference. 

It  relics  on  capabilities  superior  to  the  threat  in  almost 
all  areas  to  achieve  lethality  and  survivability.  Cost 
savings  arc  obtained  through  decreased  O&S  and 
improved  effectiveness. 

This  would  be  a  multi-role  system  for  most  air-to-air  and 
air-to-surface  missions.  It  is  very  capable,  but  could 
costs  as  much  as,  or  more  than,  a  manned  aircraft.  This 
system  has  an  extensive  sensor  suite  for  both  targeting 
and  survivability.  Data  link  requirements  arc  limited 
because  the  system  is  highly  intelligent,  and  highly 
autonomous.  It  is  highly  maneuverable  and  requires 
some  countermeasures.  It  uses  short  range,  light, 
inexpensive  weapons.  Our  view  is  that  extensive 
technology  development  is  needed  in  some  critical  areas 
before  system-level  demonstrations  arc  viable. 

The  air  arsenal  ship  is  a  concept  that  has  been  put 
forward  by  the  US  Air  Force.  It  would  have  limited  air-to- 
air  and  air-to-surface  roles.  Potential  missions  include 
Strategic  Strike,  OCA,  Littoral  ASuW,  Armed  Recce, 
Counter  'TBM  and  Cruise  missiles.  It  requires  a  long 
range  sensor  suite  for  targeting  and  would  have  extensive 
datalink  requirements  because  it  would  serve  in  a 
surveillance  and  reconnaissance  role  as  well  as  a  lethal 
role.  It  would  be  moderately  intelligent  and  moderately 
autonomous.  It  relies  on  very  high  altitude  and  very  low 
observability  for  survivability.  It  would  employ  current 
and  advanced  long  range  weapons.  To  take  full  advantage 
of  its  very  long  time  on  station  it  will  need  a  large 
loadout  of  weapons.  Co.st  savings  arc  obtained  via 
decreased  O&S.  Extensive  technology  maturation  is 
needed  in  several  areas  before  system-level  integration 
demonstrations  would  be  feasible. 

The  low-end  concept  would  have  capability  in  a  limited, 
but  operationally  significant,  set  of  air-to-surfacc 
missions,  CAS,  BAI,  Al,  SEAD,  Indirect  Fires.  However 
included  in  this  mission  set  arc  a  significant  number  of 
the  total  targets.  It  achieves  survivability  by  aggressive 
nap-of-the-earth  flight,  requiring  a  terrain  and  obstacle 
avoidance  system.  It  could  have  a  missionized  sensor 
suite.  Targeting  will  all  be  at  short  range  requiring  cither 
a  minimal  on  board  sensor  suite  or  potentially  the  use  of 
off-board  targeting  and  GPS  only  on-board.  It  would 
have  moderate  datalink  requirements  because  most 
communication  would  either  be  short  range  or  via  relay 
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systems,  and  the  data  presented  will  be  limited  imagery 
of  the  proposed  targets.  Because  of  the  limited  mission 
set  the  system  will  only  be  moderately  intelligent  and 
have  limited  autonomy.  It  will  utilize  existing 
inexpensive  weapons,  such  as  guns,  rockets,  and  dumb 
bombs  in  a  direct  attack  mode  wherever  possible.  STOL 
capability  is  inherent  in  the  concept  which  would  make 
for  easier  carrier  integration  or  use  on  small  deck  ships 
Integration  demonstrations,  not  technology 
development,  is  needed  to  help  mature  this  concept. 

Cost  savings  are  obtained  via  a  lower  unit  cost,  decreased 

O&S,  and  use  of  existing,  inexpensive  ordnance. 

One  other  attractive  implementation  could  be  a  V(S)TOL 
version.  This  would  allow  use  by  the  Marines  at  minimal 
on  shore  facilities.  It  would  also  make  carrier 
integration  easier  by  using  less  deck  space,  for  example 
helo  pads.  It  would  also  allow  the  use  of  any  air  capable 
ship  as  a  launch  platform.  The  low  end  concept, 
whatever  its  implementation,  is  the  preferred  concept  for 
initial  introduction  of  a  JSAAWS  since  it  requires  the 
least  RDT&E,  is  the  lowest  cost,  and  stiU  takes  on  some 
of  the  most  important  air-to-surface  missions. 


7  CONCLUSIONS 

JSAAWS  is  a  new  aviation  concept.  As  such  it  is  a 
highly  complex  system  that  is  part  of  a  much  larger,  and 
hence  even  more  complex  system  of  systems.  There  are 
similarities  to  aircraft,  UAVs,  and  weapons,  but  there  are 
also  fundamental  differences  that  must  be  understood 
before  we  will  have  an  optimized  system.  Such  a  system 
would  provide  an  opportunity  to  “break  the  mold”  of 
expensive  upgrades  to  expensive-to-maintain  aircraft 
nearing  the  end  of  their  useful  life,  as  well  as  providing  a 
potential  solution  to  the  fundamental  problem  of  cost  of 
ownership.  JSAAWS  caimot  be  considered  separate  from 
investment  in  the  rest  of  force  structure  and  before  we 
make  any  major  investments  we  need  to  thoroughly 
understand  their  potential  contribution  to  Naval 
Aviation.  If  JSAAWS  are  to  be  implemented  we  will 
need  a  deliberate  and  planned  evolution  to  maximize 
leverage  of  legacy  force.  In  order  to  minimize  cost  and 
maximize  benefit  we  need  to  begin  understanding  and 
plaiming  now. 
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UNCONSTRAINED  MANEUVER  AIR  VEfflCLE,  A  CONFIGURATION  DEVELOPMENT 

Barth  W.  Shenk 
United  States  Air  Force 
Aeromechanics  Integration  Branch 
Wright  Lavoratory 
2645  Fifth  St,  Ste  7 

Wright-Patterson  Air  Force  Base,  Ohio  45433-7913,  USA 


Summary 

Maneuverability-based  sizing  of  a  notional, 
unmanned  air  vehicle  is  presented  with  spin 
tunnel  test  results  of  a  resultant  configuration. 
Sustained  load  factor  and  roll  acceleration  were 
traded  against  wing  loading,  thrust-to-weight 
ratio  and  aspect  ratio  for  a  notional  air-to-air 
combat  mission.  Prospective  turn  and  roll 
performance  goals  were  developed  for  an 
unmanned  fighter,  and  physical  limitations  of 
thrust  matching  between  cruise  and  maneuver 
power  requirements  was  studied.  The  resulting 
configuration  characteristics  indicate  that 
optimization  of  this  class  of  vehicle  requires 
development  of  inertial  optimization  methods 
and  structural  design  methodologies  for 
instantaneous,  dynamic  loads. 

Nomenclature 


AR 

aspect  ratio,  bVs 

b 

wing  span  (ft) 

BCA/M 

best  combination,  altitude  and 
mach  number 

Clsa 

aileron  control  power  (deg  *) 

dry 

no  afterburning 

FDGW 

flight  design  gross  weight  (lb) 

g 

load  factor,  gravitational 
acceleration  32.174  ft/sec^ 
9.81m/sec^ 

Ixx 

roll  moment  of  inertia  (slug  ft^) 

M 

mach  number 

nm 

nautical  mile 

P 

roll  acceleration  (deg/sec^) 

q 

dynamic  pressure  (Ib/ft^) 

s 

aircraft  wing  reference  area  (ft^) 

T 

thrust  (lb) 

TSFC 

thrust  specific  fuel  consumption 

(lbfue|/lb(j,nist/hOUr) 

TO 

takeoff  (subscript) 

TAV 

aircraft  thrust  to  weight  ratio 

UMAV 

unconstrained  maneuver  air 
vehicle 

W 

weight  (lb) 

w/s 

aircraft  wing  loading  (Ib/ft^) 

1.  Introduction 

In  response  to  Air  Force  New  World  Vistas 
studies,  Wright  Laboratory  initiated  an  effort  to 
explore  fundamental  characteristics  of 
maneuvering  aircraft  unconstrained  with  respect 
to  human  physiological  limitations.  This 
notional  vehicle,  according  to  the  New  World 
Vistas  studies,  ideally  would  be  in  the  F-16  class, 
in  terms  of  payload-range  and  general  size. 
Acceleration  to  supersonic  speed  and  supersonic 
cruise  without  afterburner  were  additional 
capabilities  of  interest. 

Given  the  exploratory  nature  of  the  project,  a 
sequence  of  investigations  was  performed  to 
understand  unmanned  effects  on  configuration 
development.  Without  specific  requirements,  the 
first  investigation  was  development  of 
prospective  goals  for  maneuver  performance. 
Second,  sizing  studies  were  conducted  to  assess 
tradeoffs  between  physical  parameters  and  the 
maneuver  goals,  and  determine  a  probable 
planform.  Third,  a  subscale  UMAV  model  was 
statically  and  dynamically  tested  to  verify 
planform  maneuvering  stability  and  control 
characteristics  and  validate  the  planform 
development  process  and  tools. 

The  general  results  of  the  study  indicate  that 
without  human  physiological  considerations:  (1) 
steady-state  maneuver  performance  levels  are 
constrained  by  payload-range  requirements, 
which  are  driven  by  aero-propulsive  efficiency 
needs,  (2)  superior  instantaneous  maneuvers  are 
easily  achieved  with  basic  planform  and  control 
system  layouts,  (3)  development  of  structural 
design  methods  for  dynamic,  instantaneous  load 
optimization  are  needed  and  (4)  methods  for 
considering  inertial  optimization  during  initial 
planform  development  should  be  used  if  the  full 
combat  potential  of  UMAVs  is  to  be  realized. 

2.  UMAV  Conceptual  Design  Space 


Paper  presented  at  the  AGARD  MSP  Symposium  on  "System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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vehicle.  Dry  acceleration  represents  the  critical 
2.1  Performance  Design  Space  lower  boundary  for  power  required. 


UMAV  Conceptual  Sizing 

30000  ft  Performance 


Figure  1.  Performance  Sizing  Plot 

Figure  1  illustrates  the  general  relationship  of 
aircraft  takeoff  thrust  and  wing  loading 
requirements  to  achieve  maneuver  levels  that 
may  be  reasonable  to  pursue  for  a  light  fighter 
configuration  with  superior  maneuver  ability. 

Figure  1  was  developed  using  the  methods  of 
Reference  2  at  a  benchmark  altitude  and  speed 
with  a  FDGW  of  80%  Wjo.  The  thrust  model  is 
based  on  statistical  low-bypass  ratio  engine 
cycles,  and  the  drag  polar  model  is  based  on  a 
statistical  polar  shape  representative  of  current 
fighter  characteristics. 

For  maneuverability  perspective,  the  data  points 
on  the  plot  (circles)  represent  capabilities  of 
current,  manned  systems.  At  this  design  point, 
the  combination  of  8g  sustained  turn  capability  at 
altitude  with  dry  supersonic  acceleration  to  dry 
supersonic  cruise  is  well  beyond  the  capability  of 
current  systems. 

Conflicting  trends  are  evident,  which  bound  a 
potential  solution  space.  Power  requirement  for 
sustained  load  factor  turns  increases 
exponentially  for  turns  in  excess  of  4g,  with 
optimum  wing  loading  approximately  20  psf 
(958  N/m^).  For  an  F- 16  class  vehicle  weight, 
this  would  result  in  wing  areas  over  1(XX)  ft^  (93 
m^),  which  aren’t  feasible  for  a  light-weight 


2.2  Design  Space  Analysis 

Power  Requirement  Differential 
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Figure  2  Power  Requirement  Differential 

The  di.screpancy  between  power  required  for 
maneuver  performance  and  basic  subsonic  cruise 
is  illustrated  in  Figure  2,  in  which  the  TAVto 
requirement  boundaries  of  Figure  1  have  been 
isolated. 

Maneuver  power  requirements  are  at  a  minimum 
for  wing  loading  of  50  -  60  psf  (2394  -  2873 
N/m^),  and  thrust  loading  between  1.7  and  1.8. 
This  region  represents  both  the  smallest 
allowable  engine  and  minimum  difference 
between  maneuver  and  cruise  power  required. 
This  difference  is  a  rough  measure  of  change  in 
throttle  setting.  At  lower  and  higher  wing 
loading  ranges,  the  power  requirements  between 
maneuver  and  cruise  diverge.  Progressively 
larger  engines  are  needed,  cruising  on 
progressively  lower  throttle  settings.  Cruise 
efficiency  decreases,  resulting  in  successively 
larger  vehicle  sizes  to  accommodate  required 
mission  fuel. 

In  general,  low  bypass  ratio  engines  do  not 
operate  efficiently  at  very  low  power  settings, 
where  specific  fuel  consumption  increases 
dramatically,  as  shown  by  data  in  Figure  3, 
reproduced  from  Reference  3.  At  successively 
lower  throttle  settings,  the  total  fuel  burn  for 
cruise  actually  becomes  greater  even  though 
thrust  is  low,  given  that  the  majority  of  mission 
time  is  spent  at  the  cruise  flight  condition. 
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Figure  3  Low  Bypass  Ratio  Turbofan  Data 

This  aero-propulsive  divergence  effect  was 
verified  in  the  sizing  analyses.  Figure  4, 
generated  in  the  sizing  studies,  depicts  the  effect 
of  poor  thrust  matching  on  overall  UMAV 
vehicle  size.  Even  the  highest  T/W  values  fail  to 
achieve  performance  goals  without  compatible 
wing  loading  combinations. 


The  mission  in  Figure  5  represents  a  generic 
concept  of  a  tactically  useful  range  and  payload 
combination  for  a  light-weight  fighter. 

Following  a  takeoff,  a  minimum-time  climb  to 
30000  ft  (9144  m)  is  followed  by  an  optimum 
cruise  to  400nm  (740km)  radius.  At  this  point, 
combat  is  modeled  as  two  maximum  effort,  360 
degree  turns  at  constant  altitude  and  mach 
number  (30000  ft,  M=.9).  One  air-to-air  missile 
is  fired  at  the  completion  of  each  turn. 

A  dry  acceleration  to  supersonic  speed  is 
followed  by  transonic  combat  identical  to  the 
first.  The  remaining  return  range  is  flown  at 
optimum  cruise,  followed  by  descent  and  landing 
with  5%  mission  fuel  reserve.  All  fuel  and 
weapons  are  carried  internally. 

Mission  analysis  was  performed  using  CASP, 
Reference  1,  an  energy  method-based  sizing  and 
performance  program.  The  Pratt  &  Whitney 
FI  19  engine  was  used  as  a  reference  engine  cycle 
for  configuration  mission  sizing  parametrics. 


Sizing  Sensitivity 
AR  =  3.S 


Figure  4  Aero-Propulsive  Matching 
3.  UMAV  Combat  Requirements 


Two  max  *g’  turns 
Fire  twomfasllcs 


4.  UMAV  Roll  Performance 

Combat  maneuverability  requires  superior  rolling 
performance  as  well  as  turn  performance. 
Steady-state  roll  rate  is  a  common  figure  of  merit 
for  roll  performance.  However,  steady-state 
conditions  are  generally  not  commonplace  in 
combat.  Roll  acceleration  was  used  as  a  target 
design  quantity  to  denote  the  aircraft  sensitivity 
response  to  a  control  input.  The  design  goal  for 
UMAV  roll  acceleration  was  a  50%  increase  in 
magnitude  compared  to  current,  light-weight 
fighters  at  the  maneuver  design  point. 

As  determined  in  Figure  1,  increasing  sustained 
turn  load  factor  requirements  tend  to  drive 
configurations  to  successively  larger  wing  areas 
to  reduce  induced  drag.  Successively  higher 
aspect  ratio  may  compliment  this  effect  to  an 
extent,  and  also  improves  the  subsonic  cruise 
performance  of  the  vehicle.  Roll  performance, 
however,  generally  degrades  as  aspect  ratio 
increases  through  the  cumulative  effects  of 
structural  weight  increase,  rolling  moment  of 
inertia  growth  as  wing  mass  moves  outboard  and 
aeroelastic  effects  induced  by  wing  and  controls 
interactions. 
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4.1  Roll  Acceleration  Approximation 

For  configurations  featuring  mid-fuselage 
mounted  wings,  no  dihedral  angle  and  at 
negligible  angles  of  sideslip,  roll  acceleration 
may  be  expressed  using: 

(1)  P  =  (q*S*b/U*Cl5, 

from  Reference  5,  roll  inertia  may  approximated 
from  Reference  6: 

(2)  I„=(b'*WR\)/(4*g), 


This  expression,  to  a  first  order  estimate, 
accounts  for  small  changes  in  vehicle  geometry 
and  weight  on  roll  inertia  and  acceleration, 
respectively.  Accuracy  is  restricted  by  physical 
similarities  with  database  aircraft,  including 
weight,  geometry  and  control  surface  layout. 

Roll  acceleration  was  calculated  using  (3)  for 
CASP  sizing  results  at  a  given  wing  loading, 
thrust  loading  and  aspect  ratio  combination. 

5.  Trade  Study  Configuration 


in  which  R,  is  a  non-dimensional  radius  of 
gyration  which  may  be  approximated  by  a 
statistical  average  of  data  for  aircraft  of  a  similar 
type.  Reference  6  contains  data  tables  listing 
values  of  non-dimensional  radii  of  gyration  for  a 
large  number  of  aircraft,  grouped  according  to 
type.  For  this  study,  R,  =  0.235  was  used,  being 
an  average  of  six  similar  fighters  between  16,000 
and  37,000  pounds  gross  weight  (71171  - 
164583  N).  Based  on  lambda  wing  planform  test 
data,  Clja  =  -.002/deg  was  used  as  a 
representative  value  for  aileron  control  power  at 
the  maneuver  point  condition. 


Figures  5  and  6  present  the  general  arrangement 
of  the  trade  study  configuration  used.  For  sizing 
studies,  wing  planform,  fuselage  and  tail 
geometry  were  held  constant.  Wing  area,  aspect 
ratio  and  longitudinal  position  were  varied. 

The  wing  planform  used  is  a  generic  “lambda” 
planform,  so  named  for  its  resemblance  to  the 
greek  letter  X.  This  type  of  shape  is  convenient 
for  aspect  ratio  and  sizing  manipulations,  as  well 
as  volumetrically  effective  for  internal  storage  of 
fuel,  weapons  or  landing  gear.  Planform  test  data 
from  Reference  7  was  used  in  the  studies. 


Equations  (1)  and  (2)  can  be  combined  to  create 
an  approximate  expression  for  roll  acceleration 
in  terms  of  aspect  ratio  and  span  loading: 

(3)  P  =  -1164/{AR*(W/b)) 

SI  units  =  -l  18.7 /(AR*(W/b)) 


5.1  Static  Margin  Considerations 

Optimum  static  margin  for  each  value  of  aspect 
ratio  and  wing  loading  was  found  by  varying 


Figure  7  UMAV  Plan  View 


Figure  6  UMAV  Orthogonal 
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wing  longitudinal  position  in  the  sizing  process 
to  achieve  maximum  sustained  load  factor  at  the 
maneuver  design  point. 

Statically  unstable  configurations  tend  to  be 
capable  of  higher  load  factors  than  stable 
planforms  due  to  the  net  reduction  in  wing 
loading  created  by  the  positive  lift  of  the 
horizontal  tail  required  for  trim.  This  positive 
lift  increment  decreases  wing  lift  required  for  a 
given  load  factor,  reducing  the  induced  drag  and 
pitching  moment  generated  by  the  wing.  This 
effect  is  only  realized  to  the  point  at  which 
induced  trim  drag  from  the  tail  becomes 
significant.  Optimum  static  margin  for  turn 
performance  varied  from  4%  to  14%  unstable  for 
the  configurations  studied. 

6.  Trade  Study  Results 

6.1  Results  for  Thrust  Loading  =  1.8 

6.1.1  Maneuver  Trade  Study 

Figures  8  and  9  show  the  general  trends  of 
sustained  load  factor  and  roll  acceleration  with 
aspect  ratio  and  wing  loading. 

The  analysis  yields  no  common  aspect  ratio  and 
wing  loading  combination  which  achieves  both 
the  sustained  turn  rate  and  roll  acceleration  goal 
simultaneously.  The  closest  match  occurs  at  a 
wing  loading  of  50psf  (2394  N/m^),  where  an 
aspect  ratio  of  3.5  or  greater  is  necessary  to 
achieve  load  factor  and  an  aspect  ratio  of  3.2  or 
lower  is  required  to  meet  roll  acceleration 
objectives. 

Generally,  lower  wing  loading  produced  more 
favorable  maneuver  characteristics. 

6.1.2  Gross  Weight  Sensitivity 

In  Figure  10,  UMAV  gross  weight  for  the  overall 
mission  generally  decreases  with  increased 
aspect  ratio  in  this  study  range. 

This  relationship  is  very  sensitive  for  the  wing 
loading  of  50  case,  while  being  much  more  stable 
at  a  wing  loading  of  60.  This  stability  indicates  a 
good  wing  loading  match  for  cruise 
requirements,  but  is  not  compatible  with  the 
maneuver  trades  discussed  above. 


Figure  8.  Sustained  Load  Factor  Trends 


Gross  Weight  Sensitivity 
T/W  =  1.8 

TO 
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6.2  Results  for  Thrust  Loading  =  1.7 

6.2.1  Maneuver  Trade  Study 

Aspect  ratio  sensitivities  shown  in  Figures  1 1  and 
12  show  that  turn  and  roll  performance  goals  are 
not  attainable  for  the  higher  wing  loading  case. 

At  a  wing  loading  of  50,  however,  there  are 
compatible  aspect  ratio  solutions  for  both 
performance  goals. 

6.2.2  Gross  Weight  Sensitivity 

Gross  weight  trends  in  Figure  1 3  indicate  that 
this  lower  thrust  loading  is  a  more  stable  match 
in  terms  of  overall  mission  sizing.  An  increase  in 
gross  weight  near  AR=3.5  is  associated  with 
increased  fuel  bum  due  to  higher  induced  drag 
and  throttle  setting  in  combat  segments  of  the 
mission.  Further  increase  in  aspect  ratio 
alleviates  this  effect  with  increased  cruise 
efficiency. 

6.3  Combined  Solution  Space 

Figure  14  indicates  a  solution  space  in  which 
both  maneuver  requirements  may  be  achieved. 
This  solution  occurs  with  a  thrust  loading  of  1.7, 
wing  loading  of  50psf,  (2394  n/m^)  and  aspect 
ratio  of  3.6.  This  combination  of  parameters 
yields  a  mission  gross  weight  of  approximately 
213001b,  (94745N). 


Sustained  Load  Factor  vs  Aspect  Ratio 


Figure  1 1  Load  Factor  Trends 


Roll  Acceleration  vs  Aspect  Ratio 


Gross  Weight  Sensitivity 
T/VI(=1.7 


Figure  13.  Gross  Weight  Sensitivity 


Combined  Solution  Space 


Figure  14.  Combined  Solution  Space 


7.  Wind  Tunnel  Testing 


6.4  UMAV  Baseline  Configuration 


The  baseline  UMAV  is  shown  in  Figure  12  with 
physical  properties  determined  from  the  sizing 
analysis.  Table  1  lists  UMAV  basic  mass 
properties  as  compared  to  a  historic  average  of 
manned,  internal-carriage,  supersonic  fighters.  A 
nominal  percentage  of  empty  weight  for  pilot  and 
cockpit  furnishings  was  deducted  in  the  sizing 
process. 

The  sizing  results  are  best-case,  since  unmanned 
operation  was  modeled  as  only  an  empty  weight 
loss,  with  no  additional  weight  to  simulate  a 
more  complex  avionics  suite.  The  higher  empty 
weight  and  lower  fuel  fraction  reflect  the 
dominance  of  propulsion  system  weight  on 
vehicle  mass. 


Wind  tunnel  testing  of  a  1/9  scale  model  UMAV 
configuration  shown  in  Figure  13  was  conducted 
in  cooperation  with  Birhle  Applied  Research  at 
the  Large- Angle  Multi-Purpose  (LAMP)  vertical 
wind  tunnel  and  testing  apparatus  facility  in 
Germany. 

Tests  were  performed  prior  to  completion  of  the 
sizing  study.  Model  design  and  fabrication  was 
done  for  an  interim  UMAV  configuration. 


Figure  15  UMAV  Baseline 


Figure  16  UMAV  Wind  Tunnel  Model 


Table  2  UMAV  Geometric  Characteristics 

AR  =  3.6 

Leading  Edge  Sweep  =  40  deg 

TAVxo  =  1.7 

Tail  Volume  Coefficient  =  0.25 

Wxo=  21300  lb 

Mean  Aerodynamic  Chord  =  14  ft 

=  94745  N 

=  4.27m 

Length  =  45  ft 

Tail  Cant  Angle  =  45  deg 

=  13.7m 

Table  1  Mass  Properties  Comparison 

Wjmpty/Wxo  Wpayload/Wxo  Wfue|/Wxo 

UMAV  0.66  0.07  0.27 

Mean  0.61  0.08  0.31 
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7.1  Test  Description 

UMAV  stability  and  control  characteristics  were 
studied  using  a  rotary  balance.  Rotary 
aerodynamic  data  are  obtained  in  two  steps. 

First,  the  inertial  forces  and  moments  (tares) 
acting  on  the  model  at  different  attitudes  and 
rotational  speeds  must  be  determined.  Ideally, 
these  inertial  terms  would  be  obtained  by  rotating 
the  model  in  a  vacuum,  thus  eliminating  all 
aerodynamic  forces  and  moments.  As  a  practical 
approach,  this  is  approximated  by  enclosing  the 
model  in  a  spherical  structure  which  rotates  the 
model  without  touching  it,  such  that  air 
immediately  surrounding  the  model  is  rotated 
with  it.  As  the  rig  is  rotated  at  the  desired 
attitude  and  rate,  the  inertial  forces  and  moments 
are  measured  and  stored  on  magnetic  tape  for 
later  use. 

The  enclosure  is  then  removed  and  the  force  and 
moment  data  recorded  with  the  wind  tunnel 
operating.  The  tares,  measured  earlier,  are  then 
subtracted  from  these  data,  leaving  only  the 
forces  and  moments,  which  are  converted  to 
coefficient  form.  Historical  background  for  this 
type  of  testing  is  discussed  in  Reference  3. 

The  UMAV  low  speed  stability  characteristics 
include  all  nonlinear  dependencies  on  angle  of 
attack  ,  sideslip,  wind  axis  rotation  and  body  axis 
rotation.  UMAV  control  characteristics  include 
the  same  nonlinear  dependencies  with  control 
interaction  effects.  To  simulate  maneuver  point 
conditions,  computational  mach  increments  to 
the  magnitudes  of  pitching  moment,  normal  force 
and  axial  force  were  applied.  General  trends  for 
nonlinear  dependencies  and  interaction  effects 
were  assumed  to  be  the  same. 

7.2  Model  Description 

The  UMAV  model  shown  in  Figure  15  was 
derived  at  an  interim  point  in  the  sizing  study.  It 
represents  a  wing  loading  of  60psf  (2873  N/m^), 
thrust  loading  of  1.8,  and  3.6  aspect  ratio.  For 
control  surfaces,  the  1/9  scale  model 
incorporated  20%  chord  leading  edge  flaps  and 
30%  chord  trailing  edge  flaps  and  ailerons,  based 
on  constant-chord  section  chord  length.  The 
canted  tails  were  all-moving,  outboard  of  the 
fuselage. 


Figure  16,  a  reproduction  of  the  sizing  study 
trend,  indicates  a  predicted  load  factor  of 
approximately  7.2  for  this  configuration. 


Ficure  16  Predicted  Model  Performance 

7.3  Test  Results 

Data  gathered  from  the  test  was  used  in  a  flight 
simulator  program  developed  by  Birhle.  A  roll 
comparison  between  the  UMAV  configuration 
(lambda)  and  a  light,  manned  fighter  (F-X)  was 
conducted  at  maneuver  design  point  conditions. 

For  approximately  equal  values  of  aileron  control 
power,  Clga-  and  aileron  deflection,  the  time 
histories  of  roll  acceleration  and  roll  rate 
responses  are  shown  in  Figures  17  and  18, 
respectively.  Both  trends  compare  limited 
control  response  consistent  with  acceptable 
handling  qualities  to  unlimited  responses. 

In  either  case,  maximum  roll  responses  for  either 
vehicle  are  attained  when  handling  quality 
response  limits  are  removed  from  the  flight 
control  system.  UMAV  responses  are  orders  of 
magnitude  greater  than  the  current  capability, 
and,  in  general,  target  values  for  roll  acceleration 
in  the  configuration  development  process  were 
achieved  with  a  fairly  simple  methodology. 

Assuming  that  some  artificial,  autonomous 
system  for  situational  awareness  and  decision¬ 
making  is  present  and  able  to  process  and 
manipulate  sensor  information  at  rates  faster  than 
the  rates  and  accelerations  of  the  vehicle’s 
response  to  control  deflections,  these  levels  of 
control  sensitivity  represent  a  new  potential  in 
combat  agility,  in  which  combat  maneuvering 
and  handling  qualities  are  defined  by  the 
capabilities  of  the  flight  control  system. 


Roll  Rate  (deg/sec)  Roll  Acceleration  (deg/sec/aec) 
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Roll  Acceleration  Comparison 


Figure  17  UMAV  Roll  Acceleration 


Roll  Rate  Comparison 


Figure  18  UMAV  Roll  Rate 

8.  UMAV  Off-Design  Performance 

Although  steady-state,  sustained  load  factor  was 
limited  by  payload-range  in  this  study, 
instantaneous  “g”  load  factor  is  not,  since  it  is  not 
a  steady  state  condition  requiring  thrust  equal  to 
drag.  As  a  result,  much  higher  instantaneous 
load  factors  could  be  exploited  by  a  UMAV, 
pending  only  structural  design  limits.  Figure  19 
illustrates  the  UMAV  design  is  aerodynamically 
capable  of  instantaneous  ‘g’s  more  than  double 
the  sustained  ‘g’s  at  a  given  altitude  and  mach 
number,  based  on  empirical  estimates  for 
maximum  trimmed  lift  coefficient  shown  in 
Figure  20. 

Structural  limitations  would  determine  usable 
levels  of  maneuver  load  factors.  However, 


traditional  structural  design  and  weight 
estimating  methods  are  based  on  sustained  loads 
Methods  developed  to  design  for  instantaneous 
loads  would  be  required  to  accurately  optimize 
the  design  of  a  UMAV.  For  the  trade  study,  an 
ultimate  load  factor  of  14  at  FDGW  was  used 
with  conventional  weight  estimation  methods. 


Sustained  Load  Factor 


Instantaneous  Load  Factor 


Figure  19  UMAV  Maximum  Load  Factors 


UMAV  Maximum  Trimmed  Lift  Coefficient 


Figure  20  UMAV  Maximum  Trimmed  Lift 
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9.  Observations 

Development  of  UMAV  configurations  to  exploit 
combat  maneuver  capability  may  be  easily 
incorporated  early  in  the  design  process. 
Optimization  of  UMAV  configurations,  however, 
will  require  the  development  of  non-traditional 
methodologies  to  fully  exploit  their  potential 
capabilities. 

Although  removing  the  human  pilot  also  removes 
physiological  limitations  on  aircraft  maneuver, 
design  for  useful  range  with  payload  constrains 
steady-state  maneuverability  to  levels  of  thrust 
loading  and  wing  loading  where  aero-propulsive 
efficiency  is  possible  in  the  cruise  mode.  Steady 
state  maneuver  levels  may  be  well  in  excess  of 
current  manned  fighter  capability,  but  not  by 
orders  of  magnitude  as  one  may  expect. 

UMAVs  do  have  magnitudes  of  combat 
maneuvering  advantage  in  repetitive, 
instantaneous  maneuvers.  Aircraft  of  this  type 
may  be  designed  for  control  effectiveness  and 
sensitivity  well  beyond  what  are  considered  good 
handling  qualities,  since  handling  quality  for  this 
class  of  vehicle  is  defined  only  by  the  limits  of 
the  flight  control  system.  Accurate,  first  order 
planform  development  for  target  values  of  roll 
acceleration  and  pitch  authority  may  be 
incorporated  early  in  the  configuration  sizing 
process  with  simple  geometric  relations.  This 
process  is  also  free  from  pilot  visibility 
restrictions,  which  partially  constrain  wing, 
forebody  and  inlet  geometries  in  conventional 
planform  shaping. 

Sizing  methodologies  must  also  include  tradeoff 
studies  between  control  surface  sizing  for 
response  rates  and  accelerations  and  volume, 
weight  and  data  processing  rate  of  the  on-board 
artificial  intelligence  system.  On-board  decision 
making  will  probably  be  necessary.  It  is  unlikely 
that  a  UMAV  could  be  remotely  piloted 
successfully  in  aerial  combat  situations,  due  to 
finite  limitations  on  time  to  transmit,  interpret 
and  receive  response  to  sensory  information 
effectively  at  the  extremely  high  levels  of  UMAV 
maneuverability. 

Methods  for  considering  inertial  optimization  of 
vehicle  planform  early  in  the  configuration  layout 
and  sizing  process  have  the  potential  to  minimize 
the  number  and  size  of  necessary  control  surfaces 


to  achieve  desired  maneuver/rotation  goals  about 
any  axis.  To  an  extent,  this  type  of  methodology 
exists  for  space-based  satellite  design,  in  which 
inertial  characteristics  are  tailored  to  suit  orbit 
dynamics  and  vehicle  functions.  Analogous 
methods  may  potentially  be  developed  for 
aircraft  applications. 

Structural  design  and  weight  estimation  methods 
developed  for  dynamic,  instantaneous  loading 
will  be  needed  for  physically  accurate  UMAV 
mass  property  analysis. 

These  methods,  combined  with  traditional  aero- 
propulsive  analysis  methods  will  be  required  to 
optimize  and  develop  UMAVs,  with  their  unique 
performance  capabilities,  as  a  distinct  class  of 
combat  aircraft. 
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SUMMARY 

This  paper  addresses  the  enabling  technologies  of  the 
sensor  suite  for  the  next  generation  Unmanned 
Tactical  Aircraft  (UTA).  An  assessment  is  made  of 
target  sensors,  communication  sensors,  and 
navigation  sensors  that  are  used  in  the  UTA 
intelligence,  surveillance,  reconnaissance,  communi¬ 
cation,  and  target  designation  missions.  Emphasis  is 
given  to  the  classes  of  UTAs  that  operate  at  stand-off 
altitudes  and  ranges  outside  the  effectiveness  envelope 
of  typical  threat  air  defenses  and  jammers. 

Primary  environmental  factors  that  are  addressed  in 
the  paper  are  world-wide  cloud  cover  and  rain  rate. 
The  effects  of  cloud  cover  and  rain  rate  on  sensor 
performance  are  evaluated  for  synthetic  aperture  radar 
(SAR),  passive  millimeter  wave  (mmW),  and  electro- 
optical  (EO)  sensors.  The  synergy  of  radar  fiecpiency 
(RE)  sensors  to  improve  the  sensor  suite  performance 
in  cloud  cover  and  rain  rate  is  addressed. 


The  paper  also  addresses  the  enabling  technologies 
that  are  required  for  real  time,  low  false  alarm  rate 
(FAR),  automatic  target  recognition  (ATR)  and 
precision  targeting.  A  target  sensor  suite  is  postulated 
that  is  based  on  multi-spectral,  multi-dimension 
discriminants  of  the  target.  An  X-band  or  Ku-band 
SAR  is  considered  to  be  the  best  overall  target  sensor 
for  UTA  applications.  A  priority  ranking  of  other 
target  sensors  is  ultra  wide  band  (UWB)  low 
fi'equency  SAR,  forward  looking  infrared  (FLIR),  laser 
inft^d  detection  and  ranging  (LIDAR),  visible,  and 
passive  mmW.  The  Year  2007  sensor  suite  would 
cover  the  multi-spectral  range  of  VFIF  fi-equency  to 
visible  wavelengA  and  the  multi-dimensional  para¬ 
meters  of  contrast,  two-dimensional  shape,  three- 
dimensional  shape,  temporal,  and  polarization 
signatures  of  the  target. 


LIST  OF  ACRONYMS  AND  SYMBOLS 
Definition 


A/J 

ADTS 

ATR 

C-band 

C/A 

CALCM 

CARABAS 


Anti-Jam 

Advanced  Detection  Technology  Sensor 

Automatic  Target  Recognition 

3.6  GHz  to  7.0  GHz 

Course  Acquisition 

Conventional  Air  Launched  Cruise 

Missile 

Coherent  All  Radio  Band  Sensing 


CCD 

Charge  Coupled  Device 

CCM 

Counter-Countermeasure 

CdZnTe 

Cadmium  Zinc  Telluride 

CLO 

Counter  Low  Observable 

D 

Diameter 

dB 

Decibel 

DQI 

Digital  Quartz  IMU 

ERIM 

Environmental  Research  Institute  of 
Michigan 

FAR 

False  Alarm  Rate 

FM 

Frequency  Modulation 

FMCW 

Frequency  Modulation  Continuous 
Wavelength 

FOG 

Fiber  Optic  Gyro 

FOV 

Field  of  View 

FPA 

Focal  Plane  Array 

GPS 

Global  Positioning  System 

HgCdTe 

Mercury  Cadmium  Telluride 

Hz 

Hertz  (cycles  per  second) 

ID 

Identification 

IFOV 

Instantaneous  Field-of-View  (field-of- 
view  of  one  resolution  cell) 

IIR 

Imaging  Inftared 

IMU 

Inertial  Measurement  Unit 

INS 

Inertial  Navigation  System 

InSb 

Indium  Antinimide 

IR 

Infrared 

ITCZ 

Inter  Tropical  Convergence  Zone 

Ka-band 

~35  GHz 

Ku-band 

~17  GHz 

LADAR 

Laser  Detection  and  Ranging 

LIDAR 

Laser  Infrared  Detection  and  Ranging 

LO 

Low  Observable 

LWIR 

Long  Wave  Infinred 

MBE 

Molecular  Beam  Epitaxy 

mmW 

Millimeter  Wave 

MWIR 

Medium  Wave  Infi'ared 

PACE 

Producible  Alternative  to  Cadmium 
Telluride  for  Epitaxy 

PFM 

Pulse  Frequency  Modulation 

P(Y) 

Military  Code  for  GPS  Receivers 

POGO 

Precision  On-Board  GPS  Optimization 

PtSi 

Platinum  Silicide 

QWIP 

Quantum  Well  Infi'ared  Photodetector 

R 

Range  to  Target 

RCS 

Radar  Cross  Section 

RF 

Radar  Frequency  or  Radio  Frequency 

RLG 

Ring  Laser  Gyro 

RSS 

Root  Sum  of  the  Squares 

Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)’’,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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SAR 

Synthetic  Aperture  Radar 

SATCOM 

Satellite  Communication 

SHF-band 

Super  High  Frequency  Band 

SIGINT 

Signal  Intelligence 

SOTA 

State-of-thc-Art 

SWIR 

Short  Wave  Infrared 

TBD 

To  Be  Determined 

TESAR 

Tactical  Endurance  Synthetic  Aperture 
Radar 

TLE 

Target  Location  Error 

TV 

Television 

UHF-band 

Ultra  High  Frequency  Band 

URE 

User  Range  Error 

UTA 

Unmanned  Tactical  Aircraft 

uv 

Ultraviolet 

VHF-band 

Very  High  Frequency  Band 

W 

Weight 

WAGE 

Wide  Area  Guidance  Enhancement 

W-band 

•^4  GHz 

X-band 

-lOGHz 

Is  similar  to 

Micron  (10"*  meter) 

1.  INTRODUCTION/OPERATIONAL  TRENDS 
OF  THE  YEAR  2007 

Until  recently,  most  Unmanned  Tactical  Aircraft 
(UTA)  used  a  relatively  unsophisticated  sensor  suite 
that  typically  consisted  of  a  FLIR  sensor,  a  television 


(TV)  camera,  and  a  data  link.  However,  the  more 
recent  UTAs,  such  as  Predator,  arc  beginning  to  carry 
sophisticated  sensor  payloads,  including  multiple 
infrared  (IR)  sensors  and  SAR  sensors,  that  broaden 
the  range  of  missions  and  mission  performance. 
Improvements  in  UTA  sensor  capability  arc  expected 
to  continue  into  the  next  generation  multi-mission 
UTAs.  Drivers  for  the  next  generation  UTAs,  that 
will  require  improved  sensor  capability,  include  a 
broad  range  of  missions,  enhanced  survivability,  wide 
arca'^continuous  coverage  of  the  target  area,  real  time 
ATR,  low  False  Alarm  Rate  (FAR),  and  real  time 
precision  targeting. 

Table  1  show’s  a  typical  capability  of  current  UTAs 
compared  to  a  projected  typical  capability  of  the  year 
2007.  The  General  Atomics  Predator  UTA  was 
selected  as  an  example  of  recently  introduced  UTAs. 
Other  UTAs  such  as  Pioneer  and  Hunter  arc  le.ss 
sophisticated  than  Predator,  while  developmental 
UTAs  such  as  Global  Hawk  and  Dark  Star  will  be 
more  sophisticated  than  Predator.  The  sensor  payload 
of  Predator  includes  an  EO  sensor  suite,  a  Ku-band 
SAR  sensor,  Ku-band  and  UHF-band  satellite 
communication  (SATCOM),  a  C-band  linc-of-sight 
data  link,  and  a  Global  Positioning  System  (GPS)/ 
Inertial  Navigation  System  (INS)  navigator. 


Table  1.  UTA  Capability  Forecast 


1997  Example  (Predator) 

2007  Example 

Typical  UTA  Capabiity 

9 

UTA  Concept  TBD 

•  Mission 

•  Maximum  Ri  ght  Atitude 

•  Maximum  SensorSlantRange 

•  Maximum  Ri  ght  Duration 

•  Maximum  Velocity 

•  Observables 

•  Sensor  Payload  Weight 

•  ATR  Latency 

•  ATR  FAR 

•  Targeting  Aicuracy 

•  Surveillance,  Recce,  Comm. 

•  8km 

•  11  km 

•  >24  hours 

•  60  nVs 

•  Low 

•  200  kg 

•  Post-flight  Analysis 

•  High(~20/km^ 

•  30  m 

•  Add  Intel,  target  designation,  comm,  relay 

•  >  8km 

•  >20  km 

•  >24  hours 

•  300  m/s 

•  Lower 

•  200kg 

•  Real-fimeATR 

•  Low(«1/km^) 

•  3m 

orm  1* 


Next  generation  sensors  will  provide  real-time  ATR  and  precision  targeting 
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The  Predator’s  EO  sensor  suite  is  the  Versatron 
Skyball  SA-144/18  Quartet  sensor.  It  consists  of  a 
PtSi  512  X  512  MWIR  FLIR,  a  color  TV  camera 
with  a  lOX  zoom,  a  color  TV  900  mm  camera,  and 
an  eyesafe  pulsed  erbium:  glass  laser  range  finder. 
The  diameter  of  the  EO  sensor  turret  is  relatively 
small— 35  cm.  The  turret  has  precision  pointing  with 
a  line-of-sight  stabilization  accuracy  of  10  prad. 

The  Predator’s  SAR  sensor  is  the  Northrop 
Grumman  (Westinghouse)  Tactical  Endurance 
Synthetic  Aperture  Radar  (TESAR).  TESAR 
provides  continuous,  near  real  time  strip-map 
transmitted  imagery  over  an  800  meter  swath  at  slant 
ranges  up  to  11  km.  Maximum  data  rate  is  500,000 
pixels  per  second.  The  target  resolution  is  0.3 
meters.  TESAR  weight  and  power  are  80  kg  and 
1200  watts  respectively. 

Also  shown  in  Table  1  is  a  projected  capability  for  a 
hypothetical  UTA  introduced  in  the  year  2007.  It  is 
anticipated  to  have  a  broad  range  of  missions 
including  surveillance,  reconnaissance,  communica¬ 
tion,  intelligence  gathering  of  threat  electronic 
emissions,  target  designation  for  weapons  attacking 
moving  targets,  and  communication  relay.  The 
system  flight  performance  is  expected  to  be  greater 
than  present  UTAs,  with  higher  velocity,  providing  a 
larger  area  of  coverage  and  faster  response  in  getting 


to  the  target  area.  The  current  emphasis  on  reduced 
observables  is  expected  to  continue,  with  future 
UTAs  having  lower  observables. 

Advancements  in  sensor  capability  are  expected  to 
include  real  time  ATR,  orders  of  magnitude  reduction 
in  FAR,  and  an  order  of  magnitude  improvement  in 
targeting  accuracy.  The  advanced  sensors  will 
leverage  the  current  advanced  development  (category 
6.3A  funding)  activities  that  are  presently  under  way. 

2.  ADVERSE  WEATHER  CONSIDERATIONS 
IN  SENSOR  PAYLOAD 

Weather  is  a  driving  consideration  in  the  selection  cf 
a  sensor  payload  suite.  Although  a  UTA  usually 
operates  at  high  altitude  above  the  weather,  the  sensor 
suite  must  be  able  to  see  ground  targets  through 
adverse  weather. 

Cloud  cover  is  a  particular  concern  for  UTA  sensors 
because  clouds  are  pervasive  in  the  world-wide 
weather.  The  global  average  annual  cloud  cover  is 
about  61  percent,  with  an  average  cloud  cover  over 
land  of  about  52  percent  and  an  average  cloud  cover 
over  the  oceans  of  about  65  percent.  The  average 
annual  cloud  cover  shown  in  Figure  1  is  based  on 
weather  observers  around  the  world.  It  is  a  composite 
of  averages  that  vary  widely  with  geographical 
location,  season,  and  time  of  day. 


Figure  1.  Cloud  Cover  Climatology 
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An  example  of  a  geographical  cloud  system  that 
changes  regularly  with  the  season  and  the  time  of  day 
is  the  low-level,  layered  stratus  clouds  that  cover 
much  of  the  world’s  oceans.  Stratus  clouds  arc  more 
frequent  during  the  summer  months  of  the  Eastern 
Pacific  and  the  Eastern  Atlantic  and  in  the  hours 
before  sunrise. 

Another  example  of  a  geographical  cloud  system  that 
changes  regularly  with  the  season  and  the  time  of  day 
is  cumulonimbus.  Cumulonimbus  arc  large  columnar 
clouds  that  can  extend  to  high  altitude.  These  clouds 
are  concentrated  where  surface  temperatures  arc  high 
and  there  is  a  general  upward  movement  of  the  air. 
An  example  is  a  zone  known  as  the  Intcrtropical 
Convergence  Zone  (ITCZ).  In  the  ITCZ,  the  trade 
winds  of  the  Northern  Hemisphere  converge  with 
those  of  the  Southern  Hemisphere.  Cumulonimbus 


have  high  concentrations  of  droplets  and  ice  crystals, 
which  can  grow  to  a  large  size.  Cumulonimbus  arc 
often  responsible  for  the  frequent  summer  afternoon 
rainfall  of  South  East  Asia,  North  America,  and 
Europe,  and  the  December,  January,  and  February 
rainfall  of  the  Amazon  basin. 

Rain  rate  is  another  consideration  in  sensor  selection. 
Figure  2  shows  the  world-wide  average  annual 
precipitation  (rain  and  snow  equivalent  rain) 
characterized  as  wet  (greater  than  1500  mm/yr), 
temperate  (bctw'ccn  250  mm/yr  and  1500  mm/yr), 
and  arid  (less  than  250  mm/yr).  It  is  noted  that  over 
90  percent  of  the  world  receives  less  than  1500 
mm/yr  rainfall.  It  is  also  noted  that  cloud  cover 
variations  due  to  geography,  season,  and  time  of  day 
arc  reflected  in  the  rainfall  variations  with  geography, 
season,  and  time  of  day. 


HH  Wet  (>1S00  mtn/year) 
gg  Temperate 
U|  Arid  (<250  mm/yeai) 


Average  annual  rainfall  for  90%  of 
the  world  is  less  than  1500  mm/year 


Reference:  “Smart  Weapons  Specification  Guide "  U  S  Army  Smart  Weapons 
Management  Office,  Redstone  Arsenal,  Alabama.  October  1990 


Figure  2.  Rain  Climatology' 


UTA  sensor  attenuation  is  greater  for  rainfall  from 
high  altitude  clouds.  There  is  a  longer  path  length 
through  the  rain  for  high  altitude  clouds  than  for  low 
altitude  clouds.  Figure  3  shows  the  probability  of 
cloud  height  for  the  temperate,  wet,  and  arid  regions 
of  the  world’s  land  mass.  Note  that  clouds  in  arid 
regions  tend  to  occur  at  higher  altitudes  while  the 
clouds  in  the  temperate  and  wet  regions  tend  to  occur 
at  lower  altitudes.  Clouds  tend  to  occur  at  a  height  cf 
1.0  to  5.0  km  altitude. 


Figure  3  also  shows  the  probability  of  rain  rate  for  a 
temperate  region  of  the  world  that  has  a  relatively 
high  annual  rainfall.  The  average  probability  of  no 
rain  is  80  percent  for  this  region.  The  probability  of 
rain  rate  less  than  4  mm/hr  is  very  high-96  percent. 
Also  show'n  for  comparison  is  an  average  probability 
of  rain  rate  for  the  Middle  East.  The  probability  of  no 
rain  is  very  high--96  percent  and  the  probability  of 
rain  rate  less  than  4  mm/hr  is  even  highcr-99 
percent. 
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►  Clouds  tend  to  occur  at  a  base  height  of  1  to  5  km  altitude 

►  Predominant  rain  rate  is  less  than  4  mm/hr 


Reference;  “Smart  Weapons  Specification  Guide,”  U.S.  Army  Smart  Weapons 

Management  Office,  Redstone  Arsenal,  Alabama,  October  1990  gf/m-u  w/mh 


Figure  3.  Adverse  Weather  Performance  Requirements 


For  the  purpose  of  this  assessment,  a  maximum 
cloud  base  height  of  5  km,  a  maximum  cloud 
thickness  of  2  km,  and  a  rain  rate  of  4  mm/hr  are 
considered  to  be  cost  effective  requirements  for  UTA 
sensors.  It  would  be  unnecessarily  restrictive  to 
require  UTA  sensors  to  operate  in  100  percent 
weather  conditions,  such  as  severe  thunderstorms. 

Figure  4  shows  the  attenuation  versus  wavelength  for 
a  representative  cloud,  rain  rate,  and  humidity  level 
requirement.  Note  that  although  passive  EO  sensors 
have  one-way  transmission  through  rain  of  about  50 
percent  per  km,  there  is  almost  no  transmission  of  an 
EO  signal  through  clouds.  Cloud  droplets  are  small, 
about  5  to  20  microns  in  diameter,  with  dimensions 
comparable  to  the  EO  wavelength.  The  concentration 
is  high-about  50  to  500  droplets  per  cubic 
centimeter.  EO  wavelengths  are  strongly  diffracted 
around  cloud  droplets  due  to  Mie  electromagnetic 
scattering.  However,  rain  drops  are  about  2-6  mm 
diameter  (much  larger  than  EO  wavelengths)  and 
cause  less  attenuation  to  an  EO  signal.  Rain  rate 
attenuation  is  due  primarily  to  optical  scattering.  EO 
transmission  through  rain  is  a  fimction  of  the  size  cf 
the  rain  drops,  rain  rate,  and  the  path  length  through 
the  rain.  EO  passive  sensors  are  limited  from  about  2 


to  5  km  of  path  length  through  the  rain.  The 
implications  of  blockage  by  clouds  and  the  relatively 
short  range  in  rain  are  that  (1)  the  UTA  will  have  to 
descend  to  low  altitude  in  order  to  acquire  target  data 
using  EO  sensors,  or  (2)  the  UTA  will  wait  for  a 
cloud  break  to  use  EO  sensors,  or  (3)  use  only  the 
radar  sensors. 

The  best  sensors  in  looking  down  through  cloud 
cover  and  rain  are  radar  sensors.  Radar  sensors  have 
negligible  attenuation  at  frequencies  below  10  GHz. 
At  higher  frequencies,  passive  millimeter  wave 
sensors  operating  in  cloud  cover  and  rain  are  limited 
from  about  2  to  5  km  length  of  path  through  the 
clouds  and  rain,  with  the  same  implications  as  those 
discussed  in  the  previous  paragraph.  Cloud  droplets, 
which  are  much  smaller  than  mmW  wavelengths, 
absorb  mmW  radiation  (much  like  a  microwave 
oven).  A  different  mechanism  is  responsible  for  the 
attenuation  of  a  mmW  signal  through  rain  or  snow. 
Rain  drops  and  snow  flakes  are  comparable  in  size  to 
mmW  wavelengths  and  eause  Rayleigh  and  Mie 
electromagnetic  scattering  attenuation.  Lower 
frequency  Ku-band  sensors  are  less  affected  by  cloud 
cover  and  rain  rate. 
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ATTENUATION  BY  ATMOSPHERIC  GASES,  CLOUDS.  AND  RAIN  (FROM  PRIESSNER,  1979) 
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►  EO  sensors  are  ineffective  through  cloud  cover 

►  Radar  sensors  have  good  to  superior  performance  through  cloud  cover  and  rain 


Figure  4.  Signal  Attenuation  Due  to  Weather 


3.  SENSOR  TECHNOLOGY  EXPLOITATION 
OF  THE  YEAR  2007 

An  overall  summary  comparison  of  target  sensor 
alternatives  against  UTA  measures  of  merit  is  given 
in  Figure  5.  The  measures  of  merit  selected  for  the 
UTA  missions  are:  performance  in  an  adverse  weather 
environment  of  cloud  cover  and  rain;  target  resolution 
capability;  contrast  of  the  target  to  the  background 
clutter;  multi-dimensional  target  discriminants  in  the 


areas  of  polarization,  temporal,  and  shape  signatures 
that  arc  used  in  ATR;  multi-spectral  discriminants 
across  a  broad  range  of  frequency  and  wavelength  that 
arc  used  in  ATRs;  and  weighfreost.  The  adverse 
weather  measures  of  merit  of  performance  through 
clouds  and  rain  rate  were  discussed  in  Section  2. 
Figure  5  is  based  on  the  assumptions  of  a  cloud 
thickness  of  2  km,  a  cloud  base  height  of  5  km,  and  a 
rain  rate  of  4  mm/hr. 
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Figure  5.  Target  Sensor  Suite  Performance  Projected  to  Multi-Mission  UTAs  of  the  Year  2007 
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The  best  overall  sensor  for  a  UTA  payload  is 
probably  a  SAR  sensor  operating  at  a  frequency  in 
either  the  X-band  (~10  GHz)  or  in  the  Ku-band  (~17 
GHz).  These  bands  permit  a  small  antenna  size  while 
also  providing  a  capability  to  penetrate  clouds  and 
rain  rate.  SAR  sensors  have  the  flexibility  required  to 
cover  an  area  search  (e.g.,  5  km  by  5  km)  for  single 
cell  target  detection,  then  switch  to  high  resolution 
(e.g.,  0.3  meter)  for  target  ID  and  targeting.  SAR 
sensors  also  provide  high  accuracy  profiling  of  the 
known  terrain  features  around  the  target. 

Although  current  SAR  sensors  have  good  imagery 
performance,  their  current  ATR  and  FAR  performance 
is  much  worse  than  the  performance  of  a  human.  At 
the  present  time,  SAR  sensors  require  post-flight 
human  analysis  of  the  SAR  imagery  in  order  to 
identify  targets  and  eliminate  false  alarms.  This  time 
consuming  process  will  be  alleviated  in  the  next 
generation  ATR  that  will  include  polarization 
discriminants.  The  additional  information  will  be 
fused  with  the  SAR  imagery  as  well  as  information 
from  the  other  sensors  in  the  UTA  sensor  suite  to 
greatly  enhance  ATR. 

Polarization  provides  a  SAR  sensor  with  the 
capability  to  extract  information  on  the  target  at  long 
range  from  a  single  cell  of  data.  Full  polarization 
algorithms  are  under  development  by  Boeing.  Full 
polarization  (transmit  lefl/right,  receive  left/right) 
allows  complex  targets  to  be  decomposed  into 
elemental  scatterers  such  as  dihedrals,  trihedrals, 
cylinders,  helix,  and  dipoles. 

The  Lincoln  Laboratory  is  also  currently  developing 
ATR  algorithms  based  on  a  different  approach  to 
SAR  polarization.  A  high  resolution,  polarimetric 
SAR  called  Advanced  Detection  Technology  Sensor 
(ADTS)  has  been  developed  by  Lincoln  Laboratory 
under  DARPA  sponsorship.  ADTS  will  collect 
mmW  SAR  polarimetric  data  on  targets  in  foliage 
clutter.  The  center  frequency  of  ADTS  is  33.6  GHz 
and  the  bandwidth  is  600  MHz. 

Another  enabling  technology  that  allows 
incorporation  of  a  SAR  sensor  into  a  weight  limited 
UTA  is  the  use  of  phased  array  antennas  with 
frequency  modulation  continuous  wavelength 
(FMCW)  as  an  alternative  to  a  conventional  pulse 
frequency  modulation  (PFM)  SAR.  A  FMCW  SAR 
sensor  requires  about  one  eighth  the  peak  power  of  a 
PFM  SAR,  completely  eliminating  the  high  power 
transmitter  chassis.  Simplified  motion  compensation 
is  used  which  requires  one  fifteenth  the  computations- 
-motion  compensation  primarily  occurs  in  radar 
hardware  using  digital  synthesis  and  not  in  the 
computer.  Also,  the  lower  required  output  of  the 


FMCW  SAR  system  is  spread  over  the  full 
bandwidth  in  a  relatively  long  chirp,  making  a 
FMCW  SAR  more  difficult  to  detect  by  the  threat. 
The  net  result  is  a  SAR  that  is  about  one  fourth  the 
weight  and  cost  of  a  conventional  PFM  SAR. 

Referring  back  to  the  Figure  5  summary  comparison 
of  UTA  sensor  alternatives,  the  next  priority  sensor  is 
considered  to  be  a  low  frequency  ultra  wide  band 
(UWB)  SAR  sensor  for  foliage  penetration.  Low 
frequency  UWB  SAR  has  superior  performance  in 
cloud  cover  and  rain  rate  while  providing  polarized 
detection  of  targets  in  foliage  clutter.  An  example  of 
current  UWB  SAR  is  the  Swedish  Coherent  All 
Radio  Band  Sensing  (CARABAS)  VHF  UWB  SAR. 
Another  example  is  the  ERIM  200  MHz  to  900  MHz 
UWB  SAR.  The  ERIM  UWB  SAR  is  currently  in 
flight  test  evaluation  on  a  P-3  aircraft.  Both  radars  use 
polarization. 

The  use  of  a  UWB  SAR  to  detect  underground 
targets  is  also  being  investigated.  Penetration  depths 
of  1  to  100  meters  are  possible  for  UWB  SAR 
sensors  operating  at  frequencies  lower  than  100  MHz. 

Incorporating  a  relatively  large  UWB  SAR  into  a 
UTA  is  a  design  and  integration  challenge. 
Approaches  include  incorporating  the  antenna  into  the 
wing  or  using  a  leading  or  trailing  boom  as  an 
antenna. 

Referring  back  again  to  the  Figure  5  summary 
comparison  of  UTA  sensor  alternatives,  note  that  a 
FLIR  sensor  also  complements  the  baseline  SAR 
sensor.  Although  a  FLIR  sensor  has  no  performance 
in  cloud  cover,  there  may  be  opportunities  to  revisit 
the  target  area  if  there  is  a  cloud  break  during  the  long 
duration  mission.  The  FLIR  sensor  provides 
additional  multi-spectral,  multi-dimensional 
information  at  shorter  wavelengths.  There  is  a 
relatively  small  increase  in  the  sensor  suite  cost  and 
weight  to  incorporate  a  FLIR  sensor. 

EO  focal  plane  array  sensors  cover  the  wavelength 
range  fix)m  ultraviolet  (UV)  through  long  wave 
infiured  (LWIR).  In  the  IR  wavelengths,  there  are  a 
number  of  detector  materials  available.  Most  IR  FPA 
detectors  are  mated  to  a  silicon  readout  circuit 
through  indium  columns,  resulting  in  a  sandwich  or 
hybrid  sensor.  There  is  a  potential  problem  of  a 
mismatch  in  the  thermal  coefficient  of  expansion  since 
these  devices  operate  at  cryogenic  temperatures.  Large 
IR  FPAs  tend  to  have  lower  yield  than  the  simpler, 
more  easily  produced  monolithic  silicon  based  FPAs 
that  are  used  in  visible  light  TV  cameras. 
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In  the  SWIR  and  MWIR  wavelengths  (1  micron  to  5 
microns),  the  leading  high  performance  FPA  detectors 
for  post-2007  UTA  application  arc  InSb,  HgCdTe, 
and  Quantum  Well  Infrared  Photodctcctor  (Q\V1P) 
detectors.  InSb  and  HgCdTe  FPAs  of  640  x  480  size 
are  currently  in  production.  In  development  arc  array 
sizes  up  to  1 024  x  1 024  with  pitch  (dctcctor-to-dctcc- 
tor  spacing)  as  small  as  18  microns.  Figure  6  illus¬ 
trates  the  state-of-the-art  (SOTA)  advancements  of 
Boeing’s  MWIR  HgCdTe  FPAs.  It  is  postulated 
that  by  the  year  2007,  HgCdTe  MWIR  FPAs  will  be 
in  production  in  a  2048  x  2048  size  with  1 0  micron 
pitch-performance,  providing  resolution  that  is  com¬ 


parable  to  that  of  the  present  SOTA  of  TV  cameras. 

QWIP  FPAs  arc  based  on  stacked  thin  layers  of 
materials  that  form  quantum  wells  sensitive  to  a 
broad  range  of  MWIR  and  LWIR  wavelengths.  Each 
layer  is  only  a  few'  molecules  thick,  creating  energy 
subbands  where  quantum  effects  respond  to  the  IR 
incident  radiation.  QWIP  FPAs  arc  produced  using 
molecular  beam  epitaxy  (MBE),  a  relatively  inexpen¬ 
sive  process,  and  have  high  detector  uniformity  and 
yield.  Disadvantages  arc  a  requirement  for  cooling 
dowTi  to  less  than  60  Kelvin  and  a  relatively  low 
quantum  efficiency. 


Figure  6.  Example  of  Advancement  in  SOTA  of  IR  FPAs 


LWIR  (8  to  12  microns)  high  performance  tactical 
FPA  detectors  include  HgCdTe  and  QWIP.  HgCdTe 
LWIR  devices  that  arc  currently  in  production  have 
array  sizes  up  to  256  x  256,  with  a  pitch  of  about  40 
microns.  It  is  projected  that  by  the  year  2007, 
HgCdTe  LWIR  FPAs  will  be  in  production  in  array 
sizes  up  to  640  x  480,  with  20  micron  pitch.  It  is 
currently  more  difficult  to  produce  HgCdTe  LWIR 
FPAs  in  large  array  sizes  due  to  the  thermal 
mismatch  of  the  larger  LWIR  hybrid  FPA.  Solutions 
based  on  a  balanced  composite  structure  arc  currently 
in  development.  Also  in  development  arc  HgCdTe 
multi-spectral  FPAs  capable  of  simultaneous 
detection  in  both  the  LWIR  and  MWIR  bands. 


QWIP  LWIR  FPAs  arc  currently  in  development.  As 
mentioned  in  the  previous  paragraph,  QWIP  FPAs 
have  advantages  of  uniformity,  low  thermal  stress 
even  in  large  size  arrays,  and  suitability  for  multi- 
spcctral  applications.  As  stated  previously, 
disadvantages  of  QWIP  sensors  arc  a  requirement  for 
cooling  dowTi  to  less  than  60  Kelvin  and  relatively 
low  quantum  efficiency.  Cryo  cooler  engines 
operating  at  temperatures  below  that  of  liquid 
nitrogen  (77  Kelvin)  arc  currently  in  development  for 
application  to  QWIP  FPAs.  The  relatively  low 
quantum  efficiency  of  QWIP  FPAs  is  expected  to  be 
alleviated  by  technology  advancements  for  this 
relatively  immature  technology  and  the  use  of  multi- 
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spectral  discriminants  that  provide  enhanced  detection 
at  longer  range. 

Referring  back  again  to  the  Figure  5  assessment  <f 
UTA  sensor  alternatives,  the  fourth  priority  sensor  in 
an  overall  sensor  suite  to  detect  low  observable 
targets  in  clutter  is  Laser  Infrared  Detection  and 
Ranging  (LIDAR),  also  known  as  LADAR.  LIDAR 
provides  unique  three  dimensional  high  resolution 
and  temporal  information  (e.g.,  target  skin  vibration, 
target  exhaust  gases)  that  complement  the  passive  IR 
sensors  of  a  multi-spectral,  multi-dimensional  sensor 
suite.  The  LIDAR  transmitter  is  usually  boresighted 
to  an  IR  FPA  sensor  that  acquires  and  tracks  the 
target.  The  capability  to  simultaneously  measure  the 
passive  IR  signature  and  compare  it  to  the  reflected 
LIDAR  signature  fl'om  the  laser  enhances  the  ATR 
performance. 

A  technology  currently  in  development  that  will 
enhance  the  application  of  LIDARs  is  tunable  lasers. 
Tunable  LIDARs  provide  a  broader  band  of 
wavelength  for  multi-spectral  ATR. 

Target  designation  is  a  mission  that  can  he  addressed 
by  a  LIDAR  sensor.  The  UTA  sensor  suite  would 
Iwnd  off  target  coordinates  to  the  LIDAR  for  tracking 
and  laser  designation.  Laser  guided  weapons  launched 
fi'om  maimed  aircraft  platforms  would  then  home  on 
the  laser  designated  target  with  precision  accuracy.  It 
is  postulated  that  UTAs  that  are  designated  to  carry 
weapons  as  part  of  a  primary  mission  will  not  occur 
until  after  the  year  2007  time  frnme.  An  operational 
capability  in  the  year  2007  was  used  as  an 
assumption  in  conducting  the  technology  assessment 
for  this  paper. 

Referring  back  again  to  Figure  5,  the  fifth  priority 
target  sensor  of  a  UTA  target  sensor  suite  would  be  a 
visible  light  multi-spectral  camera.  Advantages  of  a 
TV  sensor  include  high  resolution  due  to  the  short 
wavelength  and  an  additional  discriminant  of  the 
polarized  reflection  of  sunlight.  Although  a  TV 
sensor  is  not  effective  in  cloud  cover  or  at  night,  a 
long  duration  flight  UTA  could  perhaps  revisit  the 
target  area  when  appropriate. 

Visible  detectors  are  a  more  mature  technology  than 
IR  detectors.  The  detectors  are  fabricated  fl'om  silicon. 


using  many  of  the  processes  already  developed  fir 
commercial  integrated  circuit  manufacturing.  The 
visible  detector  FPA  and  readout  circuitry  are  usually 
fabricated  in  a  one  piece,  monolithic  sensor.  Large 
size  visible  detector  arrays  are  currently  in 
development  with  array  sizes  larger  than  5000  x 
5000.  The  current  SOTA  in  center  detector  spacing 
(pitch)  for  visible  FPAs  is  8  to  12  microns. 

Referring  back  to  Figure  5  for  a  final  time,  note  the 
strengths  and  weaknesses  of  passive  mmW  sensors. 
Passive  mmW  sensors  have  an  advantage  over  EO 
sensors  in  their  capability  to  see  through  cloud  cover 
and  the  high  contrast  of  metal  objeets  in  the  mmW 
spectrum  (see  Figure  7).  Advantages  over  active  RF 
sensors  include  lower  noise  and  the  avoidance  of  radar 
glint.  The  cold  sky  (about  35k)  is  reflected  by  metal 
objects  at  mmW  frequencies  while  the  temperature  of 
terrestrial  object  clutter  is  about  300k.  Current 
radiometers  can  typically  detect  differences  in 
temperature  of  Ik  and  radiometers  are  in  development 
that  will  detect  differences  in  temperature  of  0.1k, 
providing  a  very  high  signal-to-noise  ratio  of  more 
than  300  to  1 . 

Passive  mmW  cameras  similar  to  video  cameras  are 
under  development  by  TRW.  Cameras  have  been 
ground  tested  at  60  GHz,  65  GHz,  89  GHz,  and  95 
GHz  fi'equencies.  Array  sizes  up  to  40  x  26  elements 
have  been  produced.  Apertures  that  have  been 
produced  to  date  range  in  diameter  fr-om  0.4  meter  to 
0.6  meter.  Frame  rate  demonstrated  to  date  is  17  Hz. 
Airborne  flight  tests  are  planned  in  late  1997  to  flight 
demonstrate  a  passive  mmW  sensor. 

Disadvantages  of  passive  mmW  sensors  include 
relatively  low  resolution  compared  to  EO  and  SAR 
sensors  and  attenuation  in  cloud  cover  and  rain  rate. 
However,  passive  mmW  technology  is  relatively 
immature  and  fiiture  passive  mmW  sensors  of  the 
post-2007  time  finme  will  have  distributed  apertures 
for  operation  as  a  high  resolution  interferometer. 
Distributed  apertures  consisting  of  ten  or  more  widely 
spaced  apertures  could  provide  an  effective  aperture 
that  would  be  comparable  to  the  wing  span  of  the 
UTA. 
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Range  to  Queen  Mary:  500  m 


Visibfe  Light  Photograph 


TRW  94  GHz  Radiometric  image 


Passive  mmW  sensors  provide  high  contrast  of  metal  objects  | 

_  B  vm  IT 


Figure  7.  Passive  Imaging  mmW  View  of  Queen  Mar>’  and  Spruce  Goose  Dome 


Sensor  tracking  errors  due  to  the  error  slope  of  a 
conventional  hemispherical  dome  arc  a  traditional 
problem  for  EO  and  RF  sensors.  Small  imperfections 
in  the  shape  of  a  hemispherical  dome  greatly  affect  the 
tracking  accuracy.  An  approach  that  alleviated  the 
problem  for  EO  and  RF  domes  on  ballistic  missile 
defense  interceptors  is  to  use  a  flat  window  as  a 
dome.  The  error  slope  of  the  flat  window  is  nearly 
negligible  compared  to  a  traditional  curved 
hemispherical  dome.  Another  advantage  of  a  flat 
window  for  sensors  is  reduced  observables.  A  grid  or 
slotted  film  over  the  window  can  be  tuned  to  be  IR  or 
RF  transmissive  in  the  wave  length  or  frequency  of 
interest  and  RF  reflective  for  out-of-band  frequencies. 
This  results  in  reduced  RF  back  scatter  to  threat 
radars,  providing  reduced  radar  cross  section  (RCS) 
for  the  UTA.  Figure  8  shows  experimental  and 
predicted  results  of  the  RCS  of  a  treated  flat  grid 
pyramidal  shaped  set  of  windows  compared  to  a 
conventional  treated  hemispherical  dome.  The  1 .5  to 
1  length-to-diameter  ratio  pyramidal  flat  grid 
windows  provide  more  than  -20  dB  reduction  in 
RCS  compared  to  a  conventional  0.5  to  1  Icngth-to- 
diameter  ratio  hemispherical  dome. 


As  mentioned  previously,  the  current  SAR  systems 
generate  a  tremendous  amount  of  data,  driven  by 
requirements  for  high  resolution  and  large  swath 
widths.  The  extension  of  SAR  polarization  will  drive 
data  rates  even  higher.  Communication  systems  and 
data  links  handling  capability  will  need  to  increase  in 
the  future  to  handle  the  increased  amount  of  on-board 
data.  Future  data  transmission  systems  will  use  split 
data  links  to  relay  satellites,  ground  stations,  manned 
aircraft,  or  other  UTAs.  UTA  data  transmission  and 
storage  rates  SOTA  at  the  present  time  are  of  the 
order  of  50  to  1 00  Megabits  per  second. 

Phased  array  antennas  arc  in  development  that 
provide  high  data  rate  (~600  Megabits  per  second) 
and  flexibility  for  a  UTA  to  rapidly  and  efticiently 
communicate  with  satellites,  ground  stations, 
manned  aircraft,  or  other  UTAs.  Phased  array 
antennas  may  also  be  applicable  to  agile,  highly 
accurate  electronic  signal  intelligence  (SIGINT).  A 
concern  in  applying  phased  array  antennas  to  an  intcl 
mission  is  the  mission  may  require  operation  over  a 
very'  broad  band  (e.g.,  500  Mllz  to  35  GHz)  that  is 
outside  the  SOTA  of  phased  array  antennas  lor 
UTAs. 


11-11 


FOREBODY 

SECTOR 

AVERAGE 

RCS 

(±45°AZ) 

~dBsni 


-40  —\ 


FIAT  PYRAMIDAL 
WINDOW 
RCS  TEST  DATA 
(TREATED) 


ESCORT  PREDICTION 


NOTE:  0.15  METER  DIAMETER 
2  T0 16  GHz 

RCS  AVG.  HORIZ.  &  VERT.  POURIZATION 

- 1 - 1 - - 1 - 1 - 1 - 

0  0.5  1  1.5  2  2.5  3 


DOME  FINENESS  RATIO,  L/D 


Flat  grid  sensor  windows  provide  reduced  observables  I 

GF/09-17-97/M1A 


Figure  8.  Flat  Grid  Windows  for  Sensors 


Boeing  is  developing  a  family  of  low  cost,  high 
performance  phased  array  antennas  for  airborne 
communication  (Figure  9).  Planar  devices  have  been 


developed  in  the  SHF-band,  Ku-band,  and  Ka-band. 
Airborne  flight  tests  have  been  conducted  on  military, 
commercial,  and  general  aviation  aircraft. 


2nd  Generation  (Planar)  Architecture 

SHF _ Ku-Band  Ka-Band 


Low-Cost  91 -Element,  20-GHz, 


Ku-Band  Flight  Hardware 


Figure  9.  Boeing  Phased-Array  Family  for  Mobile  Communications 
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Precision  targeting  with  accuracy  better  than  3  meters 
will  require  high  performance  navigation  sensors.  The 
current  Global  Positioning  System  (GPS)  receivers 
operating  in  a  military  P(Y)  code  have  an  accuracy  of 
approximately  6  meters.  Recent  advances  in  using 
GPS  in  the  Wide  Area  GPS  Enhancement  (WAGE) 
mode,  differential  mode,  or  relative  mode,  combined 
with  SAR  precision  mapping,  have  the  potential  to 
provide  target  location  with  an  error  less  than  3 
meters. 


Figure  10  illustrates  examples  of  GPS  receivers  and 
inertial  sensors  that  arc  currently  being  used  in 
GPS/fNS  navigation.  Inertial  sensors  that  arc  cur¬ 
rently  available  include  those  based  on  ring  laser 
gyros,  fiber  optic  gyros,  and  digital  quartz  gyros.  An 
emerging  technology  is  a  Micromachined  Elcctro- 
Mechanical  Sensor  (MEMS)  that  is  fabricated  from  a 
single  piece  of  silicon.  Good  performance  is  achieved 
in  a  small  size,  low  cost  package.  Bctw'ccn  2,000  and 
5,000  devices  can  be  produced  on  a  single  five-inch 
silicon  wafer. 


P/YCode  GPS 
Receiver 


Differential  GPS 
Receiver 
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Figure  10.  Example  of  Navigation  Sensors 


Figure  1 1  illustrates  the  advantages  of  GPS/TNS  inte¬ 
gration.  Benefits  of  GPS/TNS  integration  include  high 
precision  position  and  velocity  measurement,  reduced 
sensor  noise,  reduced  jamming  susceptibility,  and 
attitude  measurement  capability.  A  UTA  operating  at 
altitudes  higher  than  8  km  with  a  modem  GPS 
receiver  will  have  low  susceptibility  to  jamming. 
The  availability  of  GPS  to  continuously  update  the 
inertial  system  allows  the  design  trades  to  consider  a 
lower  precision  and  less  expensive  INS,  while  main¬ 
taining  good  navigation  accuracy  and  anti-jam  (A/J) 


performance. 

Future  GPS/TNS  receivers  will  be  based  on  a 
centralized  Kalman  filter  that  processes  the  raw  data 
from  all  of  the  sensors  (c.g.,  SAR,  GPS  receiver, 
INS).  Tightly  coupled  GPS/TNS  is  more  robust 
against  jamming  because  it  is  able  to  make  pseudo- 
range  measurements  from  three,  two,  or  even  one 
satellite  if  one  or  more  of  the  satellites  arc  lost. 
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System  Characteristics 
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Figure  11.  Why  GPS/INS  Integration? 


The  6  meter  GPS  standard  aceuracy  is  improved 
when  multiple  GPS  measurements  are  combined  in  a 
Kalman  filter  that  provides  a  calibration  of  GPS  and 
INS  errors.  An  example  shown  in  Figure  12  is  a 
Conventional  Air  Launched  Cruise  Missile 
(CALCM)  demonstration  called  Precision  On-Board 


GPS  Optimization  (POGO),  where  a  better  than  3 
meter  accuracy  was  demonstrated.  Ionospheric  errors, 
tropospheric  errors,  satellite  clock  errors,  satellite 
ephemeris  errors,  and  other  errors  were  reduced 
through  the  use  of  a  centralized  sixty  state  Kalman 
filter. 
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Figure  12.  CALCM  Precision  On-Board  GPS  Optimization  (POGO)  Demonstration 
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A  final  enabling  technology  for  UTA  sensors  is 
sensor  electronics.  Figure  13  illustrates  the  rapid 
growth  in  electronics  for  FPAs.  The  exponential 
growth  in  micro  processor  transistors  for  FPAs  has 
about  a  threc-ycar  lead  on  the  number  of  pixels 
available  in  IR  FPAs  and  about  a  four-year  lag  on  the 


number  of  pixels  available  in  visible  FPAs.  There  is 
no  sign  that  the  growth  rate  will  slow  down.  Similar 
results  also  apply  to  memory  chips,  for  example,  256 
Megabit  dynamic  ram  memory  chips  arc  currently  in 
development 


Electronics  for  sensors  have  had  revolutionary  advancements  | 


Reference;  Kozlowski,  L.  J.,  “Impact  of  Submicron  CMOS  on  IR  FPAs’,  presented  at  the 
1997  Meeting  of  the  IRiS  Specialty  Group  on  Infrared  Detectors,  July  1997 


Figure  13.  Example  of  High-Speed,  Lightweight  Electronics  Trend  for  EO  Sensors 


4.  CONCLUSIONS 

Enabling  capabilities,  performance  enhancements,  and 
enabling  technologies  have  been  identified  for  UTAs 
in  the  year  2007  time  fiumc.  The  sensor  related 
enabling  capabilities  and  performance  enhancements 
are: 

•  Multi-spectral,  multi-dimensional  sensors  that 
provide  real  time,  low  FAR  ATR  and  real  time, 
precision  targeting 

•  Flat  windows  that  provide  reduced  observables 

The  sensor  enabling  technologies  arc: 

•  Polarized  FMCW  SAR  sensors  for  detection,  ID 
and  targeting  of  low  observable  targets  in  clutter 

•  Low  frequency,  polarized  UWB  SAR  sensors  for 
detection,  ID  and  targeting  of  low  observable 
targets  in  foliage 


•  High  resolution,  multi-spectral  FLTR  sensors  for 
ID  of  low  observable  targets  in  clutter 
Tunable  multi-spectral,  three  dimensional, 
temporal  LIDAR  sensors  for  ID  and  targeting  of 
low  observable  targets  in  clutter 
High  resolution,  multi-spectral  visible  sensors 
for  ID  of  low  observable  targets  in  clutter 
Moderate  resolution,  high  contrast  passive 
mmW  sensors  for  ID  of  low  observable  targets  in 
clutter 

Flat  grid  windows  for  reduced  observables  and 
low  error  slope 

Phased  array  antennas  for  high  agility,  high  data 
rate  comm 

Agile,  broad  band,  high  accuracy  electronic 
SIGINT 

Precision  GPS/INS  navigation  and  targeting 
High  speed,  light  weight  electronics 
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1  Introduction 

Several  unmanned  air  vehicles  (UAVs) 
are  currently  in  operation  or  under  devel¬ 
opment,  and  predictions  for  the  future  indi¬ 
cate  an  expansion  in  the  tasks  that  will  be 
covered  by  UAVs.  With  missions  conceiv¬ 
able  both  in  the  civil  as  well  as  military  sec¬ 
tors,  UAVs  are  expected  to  be  procured  and 
operated  in  increasing  numbers  in  the  im¬ 
mediate  future.  However,  besides  the  tech¬ 
nical  challenges  associated  with  unmanned 
flight,  the  issues  of  certification  and  rules  of 
operation  of  unmanned  aircraft  in  non- 
restricted  airspace  need  to  be  addressed. 

Flights  of  unmanned  aircraft  are  currently 
taking  place  within  reserved  airspace  with 
only  few  exceptions  where  UAVs  have  been 
allowed  to  enter  open  airspace  under  spe¬ 
cial  precautions.  The  potential  of  unmanned 
aircraft  can  only  be  exploited  if  such  restric¬ 
tions  are  lifted  and  they  are  certified  to  op¬ 
erate  along  manned  aircraft.  To  reach  such 
a  point,  formulation  of  explicit  certification 
requirements  on  the  system  design  of  the 
aircraft  is  required,  as  well  as  a  series  of 
flight  tests  to  validate  the  concept  of  safe 
use  of  unmanned  aircraft  in  non-restricted 
airspace. 

Although  such  regulations  do  not  exist  at 
the  moment,  airworthiness  and  air  traffic 


control  authorities  have  already  started  ex¬ 
amining  the  issues  involved  and  are  ex¬ 
pected  to  issue  guidelines  covering  un¬ 
manned  flight  in  the  near  future.  Based  on 
information  available  from  the  above  men¬ 
tioned  authorities,  the  main  characteristics 
of  those  regulations  can  be  described  at  the 
present  time.  Moreover,  the  implications  on 
the  system  design  of  unmanned  aircraft  can 
be  highlighted,  showing  the  parameters  that 
are  to  influence  future  designs. 

In  our  view  the  least  complicated  route  to 
the  operation  of  unmanned  aircraft  in  civil 
airspace  can  be  explored  with  a  subsonic 
high  altitude  reconnaissance  platform.  Here 
the  relocation  of  the  pilot  to  a  ground  sta¬ 
tion  offers  the  highest  benefits,  creating  a 
strong  rationale  for  the  development  of  such 
a  craft.  At  the  same  time,  only  a  limited 
number  of  additional  subsystems  are  nec¬ 
essary  to  facilitate  flight  in  open  airspace, 
which  will  be  demonstrated  by  means  of  a 
recently  concluded  conceptual  design  of  an 
unmanned  high  altitude  aircraft. 

2  Scenarios  for  unmanned  aircraft 

The  range  of  unmanned  aircraft  which 
are  technically  feasible  within  the  coming 
decade  can  be  divided  into  three  groups. 


^  Conceptual  Design  Analysis,  Daimler-Benz  Aerospace  AG,  Ottobrunn 
2  Lehrstuhl  fur  Flugmechanik  und  Flugregelung,  TU  Munchen 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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concerning  the  difficulty  of  operation  in  civil 
airspace: 

•  Unmanned  high  altitude  reconnaissance 
platforms  with  flight  profiles  above  the 
current  airways  (above  FL  500)  which 
need  to  fly  in  mixed  traffic  only  during  as¬ 
cent  and  descent.  Since  their  use  lies 
predominantly  in  the  areas  of 
peacekeeping  and  crisis  control  and  in¬ 
volves  flight  over  long  distances,  the  need 
for  certification  for  flight  in  civil  airspace  is 
most  pressing  in  this  case. 

•  Unmanned  autonomous  reconnaissance 
platforms  which  are  operated  at  medium 
to  low  altitudes  in  the  target  area  and 
cruise  above  FL  200.  Here  a  more  accu¬ 
rate  navigation  system  is  necessary,  and 
the  system  has  to  cope  with  adverse  con¬ 
ditions  (maneuvering  of  the  airframe, 
jamming  by  hostile  forces). 

•  Unmanned  tactical  aircraft  to  fly  strike 
and/or  attack  missions  in  a  conflict.  Even 
though  this  class  of  aircraft  operates  pre¬ 
dominately  over  hostile  territory,  it  will  be 
dispatched  from  friendly  bases  and  there¬ 
fore  fly  partially  over  friendly  territory. 
Also,  to  minimize  collateral  damage,  the 
system  accuracy  and  reliability  should 
match  that  of  current  manned  aircraft. 

To  compensate  for  the  missing  human  on 
board,  all  these  aircraft  need  a  system  ar¬ 
chitecture  which  allows  to  limit  the  failure 
probability  of  the  whole  system  to  the  same 
low  values  which  are  placed  on  manned 
aircraft  by  the  civilian  certification  authori¬ 
ties.  This  architecture  can  be  explored  most 
easily  in  a  high  altitude  UAV  and  then  trans¬ 
ferred  to  more  sophisticated  types  of  UAVs. 

3  Certification  requirements 

Since  no  specific  regulations  exist,  the 
civil  certification  basis  for  small  and  me¬ 
dium-sized  UAVs  (below  5.7  tons  take-off 
weight)  is  JAR  Part  23,  which  has  to  be 
modified  in  those  areas  that  do  not  apply  to 
unmanned  aircraft.  These  modifications 


have  to  be  defined  by  the  UAV  manufactur¬ 
ers  in  cooperation  with  the  airworthiness 
authorities. 

The  most  important  factors  influencing 
the  system  layout  of  the  aircraft  are  reliabil¬ 
ity  and  failure  probability.  The  requirement 
set  by  airworthiness  authorities  for  granting 
civil  certification  is  that  the  probability  of  a 
catastrophic  failure  occurring  which  could 
endanger  lives  on  the  ground  shall  be  10  ’ 
per  flight  hour  or  less.  The  figure  is  identical 
to  that  of  civilian  aircraft,  whereas  the  fail¬ 
ure  probability  of  aircraft  certified  under 
military  procedures  are  typically  in  the  order 
of  10’^  per  flight  hour.  If  a  different  subsys¬ 
tem  exists  to  prevent  a  catastrophic  failure 
in  case  of  a  subsystem  malfunction,  it  is 
allowed  to  multiply  the  probability  of  occur¬ 
rence  of  such  a  condition  with  the  probabil¬ 
ity  of  failure  of  the  secondary  subsystem  to 
reach  the  desired  figure  of  10  ’. 

In  order  to  facilitate  flights  of  UAVs  in 
non-reserved  airspace.  Air  Traffic  Control 
Authorities  require  that  there  should  be  no 
difference  apparent  to  them  between  a 
manned  and  an  unmanned  platform.  This 
implies  that  ATC  must  be  in  continuous  two- 
way  contact  with  the  UAV  operator  in  the 
ground  control  station,  regardless  of  the 
latter's  physical  distance  to  the  aircraft.  The 
operator  must  be  in  a  position  to  change  the 
UAVs  flight  path  in  accordance  with  the 
instructions  received  from  ATC. 

Flights  of  unmanned  aircraft  should  pref¬ 
erably  take  place  under  IFR  conditions.  It 
shall  be  taken  into  account  that  the  aircraft 
are  also  to  fly  in  airspace  sectors  where  VFR 
flights  are  conducted,  requiring  compliance 
with  the  avoidance  rules.  The  latter  applies 
particularly  to  the  take-off  and  landing 
phases  and  during  flight  segments  con¬ 
ducted  at  low  altitude.  Options  currently 
under  study  by  authorities  include  the  tem¬ 
porary  placement  of  restrictions  in  airspace 
sectors  used  by  UAVs  for  their  initial  climb 
and  final  descent  phases  or  the  installation 
of  a  visual  airspace  surveillance  system  on 
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board  the  aircraft,  which  would  downlink 
pictures  to  the  ground  control  station. 

Due  to  the  limited  range  of  high- 
bandwidth  radio  links  at  low  altitude,  close 
operator  control  can  not  be  ensured  during 
emergency  landings.  While  manned  air¬ 
planes  can  lower  the  hazard  to  lives  on  the 
ground  by  pilot  interaction,  this  option  is  not 
available  to  UAVs.  Therefore,  the  flight  plan 
of  the  UAV  shall  include  emergency  flight 
profiles  and  recovery  areas  to  cover  for  the 
cases  of  a  critical  system  malfunction  that 
prohibits  the  aircraft  from  returning  to  its 
take-off  airfield.  In  conjunction  with  the 
above,  it  becomes  necessary  to  include  a 
flight  termination  system  that  shall  be  inde¬ 
pendent  of  the  propulsion  and  flight  control 
systems  of  the  aircraft  and  provide  the 
means  for  a  controlled  descent  within  the 
designated  areas.  Systems  being  studied 
include  a  selfdestruction  system  or  a  para¬ 
chute  recovery  system. 

Finally,  regarding  the  qualification  of  the 
ground  operators,  a  CPL  (commercial  pilot's 
license),  IFR  and  type  rating  are  viewed  as 
sufficient.  The  definition  of  the  type  rating 
will  include  the  unmanned  characteristics  of 
the  aircraft  and  its  exact  aspects  shall  be 
addressed  in  the  phase  leading  to  aircraft 
certification. 


4  Unmanned  High  Altitude  Aircraft 

To  study  the  technical  and  certification 
aspects  of  UAVs,  a  preliminary  design  for  an 
unmanned  high  altitude  aircraft  was  com¬ 
pleted  during  1996  at  Daimler-Benz  Aero¬ 
space  in  Ottobrunn,  Germany.  The  main 
performance  goal  of  the  design  was  for  the 
aircraft  to  be  able  to  reach  an  altitude  of  18 
km  carrying  a  payload  of  500  kg  and  loiter¬ 
ing  for  8  hs.  A  second  mission  was  specified 
for  24  km  altitude  with  an  on-station  time  of 
1  h  while  accommodating  an  100  kg  pay- 
load.  The  aircraft  burns  standard  fuel  and 
it's  structure  is  designed  for  a  minimum 
lifetime  of  6000  hours.  To  maximize  opera¬ 
tional  flexibility,  the  aircraft  can  be  disas¬ 


sembled  and  fitted  in  a  standard  container 
(ISO  688  1AA). 

Apart  from  the  above,  a  series  of  opera¬ 
tional  requirements  influenced  the  system 
layout  of  the  aircraft.  The  aircraft  should  be 
certifiable  by  civilian  airworthiness  authori¬ 
ties  and  be  equipped  for  flight  in  civil  air¬ 
space.  Take-off  and  landing  should  be  con¬ 
ventional  with  operation  feasible  from  stan¬ 
dard  runways.  The  aircraft  should  be  able  to 
operate  either  in  autonomous  or  remotely 
controlled  mode  throughout  the  flight,  in¬ 
cluding  the  take-off  and  landing  phase. 

The  resulting  aircraft  is  a  single-engine, 
high-aspect-ratio  conventional  configuration 
with  a  retractable  three-cycle  landing  gear. 
It  has  a  take-off  weight  of  2380  kg,  30  m^ 
wing  area,  24  m  wingspan  and  is  powered 
by  a  turbocharged  six-cylinder  piston  engine 
which  drives  a  five-bladed  propeller  with  a 
diameter  of  4  m.  Payload  is  carried  in  a 
dedicated  bay  in  the  forward  part  of  the 
fuselage,  allowing  the  installation  of  various 
modules  covering  for  the  diverse  missions 
to  be  flown  by  the  aircraft. 
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5  Control  System  Layout 

The  requirement  for  civil  certification  de¬ 
termines  the  redundancy  level  in  the  system 
layout.  As  already  mentioned,  the  airworthi¬ 
ness  authorities  require  a  catastrophic  fail¬ 
ure  probability  resulting  in  fatal  injury  to 
people  on  the  ground  of  less  than  10'^  per 
flight  hour.  As  mentioned  above,  the  UAV  is 
not  in  a  position  to  perform  a  safe  landing  at 
locations  other  than  ground  station 
equipped  airfields.  Therefore,  it  is  not  possi¬ 
ble  to  assume  that  in  case  of  a  critical  sys¬ 
tem  malfunction  that  degrades  the  perform¬ 
ance  of  the  aircraft  to  a  level  where  an 
emergency  landing  is  essential,  the  aircraft 
will  deviate  to  any  nearby  airfield  or  unin¬ 
habited  area  and  perform  a  safe  and  secure 
landing.  Even  if  the  aircraft  has  the  capabil¬ 
ity  to  fly  and  land  autonomously,  Air  Traffic 
Control  objects  to  the  case  of  a  UAV  ap¬ 
proaching  and  landing  at  a  civilian  airfield 
where  no  ground  station  is  located.  The  rea¬ 
son  lies  in  the  extreme  limited  capability  to 
alter  the  aircraft's  flight  path  during  landing. 

To  illustrate  the  problems  associated 
with  the  above,  an  example  shall  be  given.  It 
is  assumed  that  a  single-engined  UAV  suf¬ 
fers  an  engine  failure.  If  the  probability  for 
this  is  10"^  a  figure  of  10'^  is  then  required 
for  the  failure  rate  of  the  whole  system  to 
descend  safely  within  a  predesignated  area. 
With  the  exception  of  the  cases  where  the 
engine  failure  happens  at  an  altitude  and 
distance  to  the  take-off  site  that  allows  the 
aircraft  to  return  in  glide  mode,  emergency 
procedures  need  to  be  worked  out  to  cover 
the  remaining  situations.  Those  emergency 
procedures  would  in  most  cases  lead  to  the 
activation  of  a  flight  termination  system  over 
a  predefined  area  agreed  upon  with  ATC 
prior  to  take-off.  Those  areas  have  to  be 
listed  in  the  flight  plan  and  are  chosen  in 
order  to  minimize  danger  to  people  on  the 
ground. 

It  should  be  stressed  that  integration  in 
the  aircraft  of  a  flight  termination  system, 
which  is  allowed  to  be  included  in  the  safety 
analysis,  allows  the  fulfillment  of  the  strict 


requirements  for  hazardous  failure  probabili¬ 
ties.  In  combination  with  a  highly  reliable 
navigation  and  flight  control  system  and  a 
highly  reliable  datalink,  the  flight  termination 
system  can  be  literally  viewed  as  the  "joker" 
that  helps  reach  the  latter,  by  multiplication 
of  the  probabilities  for  critical  failure  and 
danger  to  people  on  the  ground. 

The  individual  systems  proposed  for  the 
unmanned  high  altitude  aircraft  highlight  the 
direction  which  will  be  followed  in  future 
designs  having  as  a  target  to  accomplish  a 
civil  certification  and  permission  to  fly  in 
non-restricted  airspace.  A  description  of 
those  systems  is  given  below: 

5.1  Flight  Control  and  Navigation  System 

The  flight  control  computer  and  primary 
navigation  equipment  require  a  quadruplex 
architecture  which  can  tolerate  up  to  two 
failures  of  single  lanes.  This  is  derived  from 
the  mean-time  between  failure  (MTBF)  fig¬ 
ures  of  similar  systems  that  lie  in  the  order 
of  3000-5000  hours.  The  adverse  result  of 
this  configuration  is  the  escalating  cost  and 
mass  of  the  subsystems. 

The  navigation  suite  is  based  on  inertial 
systems  (INS)  that  are  updated  in  flight  by 
satellitebased  navigation  systems,  like  GPS. 
Options  include  the  use  of  combined 
GPS/Glonass  receivers  or  the  new  GPS 
Guidance  Package  (GGP).  The  latter  couples 
a  miniature  GPS  receiver  with  an  inertial 
measurement  unit  based  on  fiber  optic  gy¬ 
roscopes,  reducing  cost  and  mass  consid¬ 
erably  over  current  INS/GPS  packages.  Fur¬ 
ther  equipment  available  on  board  are  a 
quadruplex  air  data  system,  a  duplex  radar 
altimeter  and  optionally  an  ILS-antenna. 

5.2  Collision  Avoidance 

During  the  UAV's  flight  below  the  upper 
limit  of  VFR  air  traffic,  the  avoidance  rules 
need  to  be  respected.  Although  the  aircraft 
lacks  the  classical  “see  and  avoid”  capabil¬ 
ity  of  manned  aircraft,  this  particular  capa- 
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bility  can  be  restored  to  a  great  extent  by 
technical  means.  The  airspace  around  the 
aircraft  will  be  scanned  by  cameras  with 
their  images  transmitted  in  real-time  to  the 
operator  in  the  ground  control  station.  The 
operator  uses  those  images  for  identifica¬ 
tion  of  potential  dangers  and  then  steers  the 
aircraft  in  accordance  with  the  avoidance 
rules. 

The  airspace  sector  that  has  to  be  cov¬ 
ered  is  220°  in  azimuth  and  60°  (+40°/- 
20°)  in  elevation.  This  sector  is  covered  by 
three  cameras  installed  in  fixed  positions  in 
the  nose  of  the  aircraft,  while  a  fourth  stabi¬ 
lised  camera  is  used  to  focus  on  detected 
aircraft  and  tracks  their  flight.  Images  are 
transmitted  via  videolink  to  the  ground  sta¬ 
tion  out  to  a  maximum  range  of  1 00  km. 

Furthermore,  it  is  foreseen  to  install 
TCAS  (Traffic  Alert  and  Collision  Avoidance 
System)  in  the  aircraft.  The  system  is 
viewed  as  necessary  given  the  operational 
environment  of  the  aircraft.  An  issue  that 
has  to  be  resolved  in  cooperation  with  certi¬ 
fication  authorities  and  ATC  is  whether  the 
flight  control  computer  will  be  authorised  to 
undertake  evasive  maneuvers  at  any  point 
during  the  flight  when  a  collision  threat  is 
identified.  The  alternative  would  be  to  place 
this  responsibility  on  the  ground  operator 
who  will  be  informed  and  act  via  datalink. 


5.3  Datalink 

The  two-way  datalink  connection  be¬ 
tween  the  aircraft  and  the  ground  station  is 
needed  for  continuous  monitoring  of  the 
flight,  modifications  to  the  flight  path  and 
remote  control  of  the  aircraft.  A  further  fea¬ 
ture  to  be  incorporated  is  voice  relay  be¬ 
tween  ATC  and  the  ground  operator  via  the 
aircraft  in  order  to  allow  smoother  integra¬ 
tion  into  air  traffic,  not  requiring  other  provi¬ 
sions  for  communication  between  ATC  and 
ground  station. 

The  resulting  transmission  rate  reaches 
peak  values  of  35  kbit/s  for  the  downlink 
and  25  kbit/s  for  the  uplink.  The  datalink 


requirements  of  the  payload  are  not  in¬ 
cluded  in  these  figures. 

Flight  data  downlink  and  command  uplink 
are  implemented  on  the  primary  datalink 
which  operates  in  the  upper  UHF  band 
(around  500  MHz).  The  link  is  limited  to  line- 
of-sight  (LOS)  connections  between  aircraft 
and  ground  station.  The  maximum  achiev¬ 
able  range  is  250  km  while  flying  at  18  km 
and  312  km  at  24  km  altitude.  A  duplex  in¬ 
stallation  is  planned  for  the  primary  datalink 
resulting  from  certification  requirements. 

To  overcome  the  LOS  limitations,  a  satel¬ 
lite  antenna  is  installed  in  the  aircraft.  This 
solution  is  favored  over  the  use  of  multiple 
ground  stations  or  relay  aircraft  during  long- 
range  flights.  A  connection  via  commercial 
channels,  such  as  INMARSAT,  allows  for 
monitoring  of  the  flight  and  reprogramming 
of  the  autopilot.  Remote  control  is  not  feasi¬ 
ble  due  to  the  time  lag  associated  with  the 
increased  path  length  and  the  higher  bit 
rates. 


5.4  Flight  termination  system 

The  flight  termination  system  consists  of 
a  parafoil  with  an  area  of  85  m^,  a  drogue 
chute  for  parafoil  deployment  and  a  steering 
unit.  Installation  in  the  particular  aircraft  is 
in  the  upper  part  of  the  pylon  to  the  rear  of 
the  gearbox.  Power  for  the  system  comes 
from  a  30  Ah/28  V  battery.  The  steering 
unit  pulls  the  trailing  edges  of  the  parafoil 
with  small  servo  motors,  thus  allowing  ma¬ 
neuvers  to  be  conducted.  The  minimum  de¬ 
ployment  altitude  is  800-1 000m  in  order  for 
the  parafoil  to  inflate  properly.  The  installed 
radar  altimeter  feeds  data  to  the  steering 
unit  in  order  for  the  latter  to  initiate  a  flare 
maneuver  close  to  the  ground,  reducing  sink 
rate  to  2-3  m/s.  Overall  system  mass  is  36 
kg,  representing  1 .5%  of  MTOW. 

The  follwing  table  lists  the  mass  of  all 
items  which  are  needed  to  fulfill  the  re¬ 
quirements  for  civil  certification: 
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System 

Mass  [kg] 

Flight  Control  Computer 

30 

Navigation  System 

45 

Radar  Altimeter 

3.1 

ILS 

4 

TCAS 

16.5 

Cameras 

28.5 

Air  Data  System 

22 

VideolinkSDatalink 

69.2 

Flight  Termination  System 

36 

Installation 

28.5 

Power  Supply 

47 

SUM 

337.8 

5.5  Ground  Control  Station 

The  ground  station  is  the  control  part  of 
the  system  that  allows  unmanned  operation 
of  the  aircraft.  It  performs  the  following 
main  tasks: 

•  remote  control  of  the  aircraft 

•  monitoring  of  autonomous  aircraft  opera¬ 
tion 

•  modification  of  flight  path  (incl.  authority 
to  activate  the  flight  termination  system) 

•  monitoring  of  system  status 

•  interface  to  air  traffic  control  authorities 

•  payload  operation  (incl.  capability  for  real 
time  payload  data  evaluation) 

•  aircraft  servicing  at  unprepared  locations 

Two  operators  will  be  performing  the 
tasks  in  the  ground  station.  The  senior  op¬ 
erator  is  responsible  for  monitoring,  modi¬ 
fying  and  controlling  the  aircraft  flight.  His 
operator  console  will  be  similar  to  that  of  an 
aircraft  cockpit.  The  second  operator  is  re¬ 
sponsible  for  the  communication  links,  the 
interface  with  ATC,  overall  monitoring  of 
system  status  and  payload  operation.  To 


increase  overall  system  flexibility  and  reli¬ 
ability  both  operators  are  to  be  crossquali- 
fied  to  perform  pilot-flying  and  pilot-not- 
flying  tasks.  The  option  for  a  third  operator 
who  will  either  relieve  one  of  the  primary 
operators  during  long  missions,  or  operate 
the  payload  from  a  separate  console  is  also 
included  in  the  design. 

The  GCS  is  integrated  in  a  standard  ISO 
688  1C  container  to  ease  handling  for 
transportation  and  will  be  equipped  with 
ventilation  and  air-conditioning  systems.  A 
chemical  toilet,  water  and  food  supplies  are 
also  to  be  installed,  considering  that  flight 
time  of  the  aircraft  exceeds  10  hours. 

A  small  crane  for  assembling  and  disas¬ 
sembling  the  aircraft,  a  repair  shop  and  a 
mast  antenna  for  the  LOS  connections  to 
the  aircraft  are  integrated  in  the  GCS. 

The  GCS  should  be  located  in  the  vicinity 
of  the  runway  in  order  to  ensure  unob¬ 
structed  line-ofsight  connections  to  the  air¬ 
craft  during  taxiing,  takeoff  and  landing. 
Power  for  the  GCS  can  be  supplied  from  an 
auxiliary  power  unit  near  the  GCS  or  from  an 
external  source.  Telephone  links  will  also  be 
needed  as  a  backup:  direct  telephone  con¬ 
nection  to  ATC  is  specified  for  operation  of 
unmanned  aircraft. 

6  Aircraft  operation 

The  specifications  set  for  operation  of  the 
unmanned  high  altitude  aircraft  can  be 
characterised  as  very  demanding  but  also 
indicative  of  the  requirements  on  such  craft 
in  the  future.  The  aircraft  has  to  be  capable 
of  flying  autonomously  during  all  phases  of 
it's  flight  including  the  capability  of  auto¬ 
matic  take-off  and  landing.  The  ground  op¬ 
erator  has  to  be  able  to  modify  the  flight  up 
to  establishment  of  remote  control.  The 
above  have  to  be  fulfilled  regardless  of  the 
actual  distance  between  aircraft  and  ground 
station. 

Automatic  take-off  is  conducted  using 
Differential-GPS  signals  or  the  ILS  localiser 
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(if  available)  for  course  steering  coupled 
with  the  radar  altimeter  for  control  after 
rotation.  In  the  case  of  remote  control  the 
operator  uses  flight  data  received  via  the 
datalink  while  having  the  camera  images 
linked  to  him  in  real-time  as  a  visual  aid. 

In  a  similar  way  the  operator  lands  the 
aircraft  utilising  datalink  information  and 
camera  images.  In  this  case,  data  from  the 
radar  altimeter  is  very  important  for  initia¬ 
tion  of  the  flare  maneuver  since  the  opera¬ 
tor  does  not  have  a  stereoscopic  view  of  the 
approach.  Automatic  landings  can  be  per¬ 
formed  with  DGPS  signals  coupled  with  the 
data  from  the  radar  altimeter. 

The  flight  is  under  IFR  conditions  with  the 
climb,  cruise  and  descent  phases  flown  by 
the  autopilot,  which  can  be  reconfigured  by 
the  ground  operator.  The  latter  can  take 
over  remote  control  of  the  aircraft  only  while 
in  LOS  range  to  the  aircraft.  Separation  to 
VFR  traffic  at  low  altitudes  is  accomplished 
by  downlinking  camera  images  of  the  sur¬ 
rounding  airspace  to  the  ground  station. 
This  feature  is  not  necessary  at  higher  alti¬ 
tudes,  where  separation  to  IFR  traffic  is 
maintained  by  ATC,  having  the  TCAS  as 
backup. 

The  absence  of  anti-  and  de-icing  equip¬ 
ment  on  the  aircraft  means  that  flight 
through  clouds  ought  to  be  avoided.  In  order 
to  detect  clouds  ahead  of  the  aircraft's  flight 
path,  a  cloud  detector  in  the  form  of  a  la- 
serscanner  is  installed  in  the  aircraft's  nose. 
It  can  detect  clouds  out  to  ranges  of  10  km 
giving  sufficient  time  to  request  a  new  flight 
vector  from  ATC. 


7  Flight  Testing 

The  flight  testing  phase  leading  to  the 
certification  of  unmanned  aircraft  is  a  criti¬ 
cal  issue  as  it  involves  elements  new  to  the 
certification  process.  A  step-by-step  ap¬ 
proach  based  on  the  current  project  will  be 
highlighted  in  the  following  and  shows  the 
general  course  to  be  followed  in  future  proj¬ 
ects. 


Prior  to  commencement  of  flight  testing, 
the  certification  process  has  to  be  initiated. 
This  will  include  all  the  steps  necessary  for 
granting  a  temporary  airworthiness  certifi¬ 
cate  but  also  a  number  of  new  items.  These 
include  the  modifications  required  to  jAR 
Part  23  with  respect  to  unmanned  aircraft 
the  demonstration  of  proper  datalink  func¬ 
tioning  and  the  qualification  of  the  ground 
operators. 

Flight  testing  would  initially  take  place  at 
close  ranges  to  the  ground  station  and  un¬ 
der  remote  control.  Envelope  expansion  and 
in  this  particular  case  mainly  over  altitude 
as  well  as  autonomous  flight  are  to  be  per¬ 
formed  during  the  next  phases.  All  these 
flights  are  to  take  place  in  restricted  air¬ 
space  while  the  presence  of  a  chase  plane 
(not  at  very  high  altitude)  will  be  required. 

Final  validation  of  the  complete  system 
will  include  a  number  of  flights  under  actual 
operating  conditions  in  predefined  sectors 
of  non-reserved  airspace  and  mainly  over 
uninhabited  areas  (issuing  of  a  NOTAM  will 
be  necessary).  The  amount  of  flight  testing 
required  is  an  issue  to  be  decided  in  coop¬ 
eration  with  airworthiness  authorities  and  is 
expected  to  differ  from  case  to  case. 

8  Conclusions 

The  main  conclusions  with  respect  to  the 
certification  of  unmanned  platforms  can  be 
summarised  in  the  following  points: 

•  The  potential  of  UAVs  and  the  need  for 
regulations  are  recognised  by  authorities 

•  A  military  certification  will  be  easier  to 
achieve  than  a  civilian  one 

•  Clear  definition  of  emergency  procedures 
and  systems  is  required 

•  It  is  technically  feasible  to  fulfill  the  re¬ 
quirements  of  the  certification  authorities 

•  The  reliability  of  several  subsystems 
needs  to  be  raised  above  the  level  cur¬ 
rently  required  for  manned  aircraft,  oth¬ 
erwise  high  redundancy  levels  are  re- 
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quired  to  meet  the  demanding  certifica¬ 
tion  requirements 

•  A  Flight  Termination  System,  preferably  a 
parachute,  needs  to  be  installed  to  ensure 
the  required  low  probability  of  disastrous 
malfunctions 


The  real  test  for  UAVs  with  respect  to  the 
above  issues  will  come  when  large  platforms 
such  as  those  currently  under  development 
become  operational.  Formulation  of  specific 
regulations  is  expected  to  take  place  in  the 
next  few  years  opening  the  way  for  the  in¬ 
creased  use  of  unmanned  platforms. 


NOTE:  The  conceptual  design  of  the  unmanned  high  altitude  aircraft  was  performed  within  the 
framework  of  the  ECATA-Junior  (European  Consortium  for  Advanced  Training  in  Aerospace)  pro¬ 
gram.  The  lead  author  would  like  to  express  his  acknowledgments  to  the  organisers  and  supervi¬ 
sors,  to  all  the  persons  who  contributed  to  the  project  and  to  his  colleagues  Ferry  van  Ruijven, 
Daniele  Fanteria  and  Matthias  Nitsche. 
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1.  Sommaire 

Le  concept  d’emploi  d’un  drone  hypersonique  6voluant  ^  trfes 
haute  altitude  est  analyse.  On  montre  que  sa  mise  en  oeuvre 
ouvre  la  voie  ^  une  importante  classe  d’ information  qui  est  dif- 
ficilement  accessible  par  d’autres  moyens.  On  montre  egale- 
ment  que  le  choix  des  senseurs  est  fortement  couple  avec  le 
dimensionnement  du  vdhicule,  et  doit,  &  ce  titre,  etre  pris  en 
compte  des  le  stade  de  I’avant-projet  pour  finaliser  les  grandes 
options. 

2.  Introduction 

Les  applications  actuellement  revendiqudes  pour  les  drones  vi- 
sent  le  plus  souvent  le  renseignement  tactique  sur  le  champ  de 
bataille,  ou  la  surveillance  sur  zone  frontiere  en  stand-off.  Ces 
concepts  subsoniques  sont  assez  vulnfirables,  et  ne  disposent 
pas  de  capacites  de  penetration  suffisantes  pour  survoler  des  zo¬ 
nes  profondes  bien  dSfendues. 

En  revanche,  un  vehicule  hypersonique  dispose  par  nature  de 
ces  capacitds,  qui  le  d6marquent  sensiblement  des  autres  systb- 
mes. 

Pour  pr6ciser  son  potentiel  d’emploi  dans  le  domaine  strategi- 
que,  nous  proposons  de  distinguer  le  renseignement  statique  et 
le  renseignement  dynamique,  selon  le  rapport  de  chacun  d’eux 
avec  le  temps  (duree  d’acquisition  et  d’exploitation,  durde  de 
vie  de  I’information,  capacite  de  rendez-vous,  effet  de  surprise, 
permanence  en  vol,..). 

L’analyse  des  missions  correspondant  &  cette  clas.sification,  me- 
nee  en  examinant  les  capacites  offertes  par  les  moyens  actuels 
(drone  tactiques,  HALE,  avions  de  reconnaissance,  satellites) 
fait  apparattre  des  besoins  non  converts  pour  lesquels  un  drone 
hypersonique  pourrait  constituer  un  atout  significatif. 

3.  Besoins  generaux  pour  le  renseignement  strategiquc 

3.1.  Nature  de  I’information  strategique  recherchee 

L’int6ret  presente  par  les  grandes  vitesses  dans  le 
domaine  de  la  reconnaissance  stratfigique  pent  etre  tout  natu- 
rellement  aborde  d’une  maniere  globale  par  I’analyse  des 
dchelles  de  temps  mises  en  jeu,  qui  peuvent  6voluer  entre  quel- 
ques  minutes  et  quelques  mois.  Cette  analyse  fait  apparaitre 
deux  grandes  classes  d’informations  strategiques,  que  nous  ap- 
pellerons  statiques  et  dynamiques. 

3.1.1.  Renseignement  Strategique  Statique 

Le  recueil  du  renseignement  stratdgique  statique 
relfeve  d’une  action  de  fond,  qui  a  pour  but  d’engager  des  ac¬ 
tions  de  planification  a  moyen  et  long  terme.  6l6ment  de 
decision  pour  les  dtats-majors  et  les  politiques,  I’information 
est  gdneralement  mise  en  forme  de  manifere  &  presenter  une  si¬ 
tuation  (militaire,  industrielle,  &onomique),  et  qui  pourra  etre 
actualis6e  pdriodiquement  sous  forme  synthetique. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  ", 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7- 


Elle  permet  notamment  I’etablissement  de  cartes  thdmatiques: 

-  reseaux  de  communication  (telecommunications,  rou¬ 
tes,  hydrographic,  ponts,  voies  ferrees,  gares) 

-  energie  (centrales,  raffineries,  rdseaux  de  distribution) 

-  sites  militaires  (adroports,  site  radar,  site  missile,  de¬ 
pots  de  carburant  ou  de  munitions) 

-  sites  industriels  (usines,  centres  de  recherche) 

-  modeles  de  terrain  (altimfitrie) 

-  cartes  geographiques  et  economiques  (culture,  eau,  fo- 
ret,  ville) 

Pour  presenter  une  information  de  haut  niveau,  souvent  issue 
de  la  fusion  de  sources  multiples  (images  multi-bande,  multi- 
rdsolution,  multi-date,  6coute  electromagn^tique,  donnde  exo- 
gfene),  les  temps  de  traitement  sont  assez  importants.  Les 
evolutions  &  analyser  sont  relativement  lentes.  La  durde  de  per¬ 
tinence  des  informations  se  chiffre  au  minimum  en  semaines, 
et  le  plus  souvent  en  mois.  La  mise  h  jour  conceme  I’enserable 
du  territoire,  et  traite  des  objets  de  taille  assez  importante,  pour 
lesquels  des  rdsolutions  comprises  entre  1  et  30m  sont 
suffisantes. 

Les  satellites  sont  bien  adaptds  pour  fournir  ce  type  de  rensei- 
gnements,  tant  dans  le  domaine  de  rimagerie  que  pour 
I’ecoute  dlectromagndtique.  Toutefois,  la  persistance  de  la  cou- 
verture  nuageuse  sur  certaines  zones  gdographiques,  qui  peut 
atteindre  70%  en  centre  Europe,  penalise  les  systdmes  passifs 
travaillant  dans  le  visible,  I’infrarouge  proche,  ou  I’infrarouge 
thermique. 

3.1.2.  Renseignement  Strategique  Dynamique 

Une  deuxifeme  classe  d’information  conceme  des 
dvdnements  beaucoup  plus  brefs,  d’une  durde  de  pertinence  de 
quelques  jours  i  quelques  minutes.  L’ aspect  dynamique  dd- 
pend  fortement  de  la  mission. 

Recueil  de  oreuves:  la  mission  consiste  h  obtenir  des 
informations  ayant  valeur  de  preuve  dans  le  cadre  du  respect 
de  traitds  (non  prolifdration  chimique  ou  nucldaire  par  exem- 
ple),  et  foumissant  des  didments  de  ndgociation  auprds  des 
instances  intemationales.  Son  succds  ddpend  de  la  capacitd  du 
systeme  h  se  trouver  au  rendez-vous  d’un  dvfenement  qui  peut 
etre  de  courte  duree,  dont  on  aurait  connaissance  par  un  moyen 
externe.  II  suppose  des  capacitds  tous  temps,  une  prdsence  sur 
site  imprdvisible,  une  disponibilitd  immddiate,  et  des  rdsolu- 
tions  au  sol  mieux  que  mdtriques. 

Analyse  des  forces  et  de  leurs  mouvements:  au  ni¬ 
veau  stratdgique,  on  s’intdresse  &  I’activitd  en  profondeur 
derridre  les  lignes  de  front  ou  de  frontiere.  L’ attention  se  porte 
sur  les  axes  de  communication,  qui  suppose  des  capacitds  de 
former  la  trajectoire  du  vdhicule.  Une  analyse  quantitative  et 
qualitative  requiert  des  rdsolutions  comprises  entre  30cm  et 
4m  environ.  Le  suivi  des  mouvements  impose  des  rafratchisse- 
ments  frdquents  (au  moins  quotidiens). 


System  Design  Considerations  for  Unmanned  Tactical 
9  October  1997,  and  published  in  CP-594. 
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Preparation  d’attaotic  au  sol  a  grande  distance; 

dans  le  cadre  d’unc  attaqiic  au  sol,  I’acquisition  d’unc  image 
de  la  ciblc  (ou  dcs  zones  prdvucs  pour  les  rccalagcs)  dans  des 
conditions  proches  dc  ccllcs  dc  I’atiaquc,  favorisc  grandement 
la  prdcision  de  la  navigation  ct  du  guidage  terminal.  Les  don- 
n6cs  it  rccucillir  sont  peu  nombrcuscs,  mais  doivent  etre 
exploitdcs  sans  ddlai,  pour  que  I’atlaquc  ait  lieu  avant  toutc  de¬ 
gradation  dc  I’information  Les  contraintes  ^  respecter 
conccrncnt  les  scnscurs  (mcme  nature  d’informntion  pour  la 
reconnaissance  et  Tattaque),  la  capacitd  dc  suivre  une  trajec- 
toire,  la  gdomdtric  dcs  prises  dc  vuc  (lat6ralcs  ou  vcrticalcs 
pour  la  navigation,  frontalcs  pour  un  recalagc  terminal). 

Surveillance:  la  mission  consistc  i  dctccter  les  mou- 
vements  anormaux  aux  abords  du  territoirc  it  defendre,  et  h 
6couter  fonctionner  les  differents  rdscaux  dc  tdlccommunica- 
tion.  L’intdret  ddbutc  en  zone  frontalibre  el  sc  prolongc 
ju.squ’au  cocur  du  territoirc.  Sont  principalcmcnt  concemds  la 
ddtcction  dc  cibles  au  sol  ou  adriennes,  le  ddpart  dc  missiles 
bali.stiqucs,  les  communications  dc  commandement.  la  locali¬ 
sation  dcs  radars. 

Analv.se  du  rdscau  de  defense  pendant  I’acrcssion; 
en  pdriode  dc  crisc,  lorsqu'un  avion,  un  missile  ou  un  drone 
pdndtrc  sur  le  territoirc  adverse,  il  cst  pris  en  charge  par  les 
systdmes  dc  ddfcnsc.  L’analysc  dc  leur  comportement  peut 
fournir  dc  nombreux  dldmcnts  concernant  les  performances  dc 
ddtcction  (passage  dc  la  vcillc  h  la  poursuitc.  misc  en  oeuvre 
dcs  conduites  dc  tir).  Dcs  dldmcnts  intimes  du  systdme  dc  dd¬ 
fcnsc  sont  alors  acccssiblcs  pendant  de  brdves  pdriodcs 
d’alcrtc,  par  excmplc  lors  dc  1’  intrusion  d’un  vdhiculc  rapide 
dquipd  dc  moyens  d’dcoutc. 

Ces  informations  h  caraetdre  dynamique  peuvent  etre  cxploitdcs 
immddiatcmcnt  ou  en  diffdrd  scion  le  cas,  mais  ellcs  ont  en 
commun  dc  possddcr  au  moins  un  temps  caraetdristique  court. 

Pour  les  renseignements  dc  type  image,  on  s’intdresse  it  dcs  zo¬ 
nes  gdographiqucs  de  faibics  dimensions  pour  lcsq\icllc.s  on  dis- 
poscra  souvent  ddjh  dc  cartes  rcnscigndcs.  Les  missions  scront 
gdndralcmcnt  dddidcs  d  I’analysc  d’un  site  particulicr,  sur  lequcl 
on  rcchcrchra  une  description  aussi  fine  que  possible. 


4.  Potentiel  des  systcnics  d ’observation  et  d’ecoute  en 
contexte  strategique 

4.1.  Systemes  "cla.ssique.s" 

4.1.1.  Drones  HALE 

L’endurance  permet  une  misc  d  postc  dc  longue 
durdc  sur  un  site  d  survciller.  Ellc  est  dgalcmcnt  exploiidc  pour 
rallicr  dcs  zones  d’inidret  qui  sont  trds  dloigndcs  du  point 
d’originc  sans  ndccssitcr  un  transport. 

La  haute  altitude  permet  d'observcr  un  domainc  au 
sol  dc  grandcs  dimensions,  et  en  particulicr  dc  trailer  simulia- 
ndment  plusicurs  cibles  dloigndcs  les  uncs  dcs  autres.  Ellc 
permet  dgalcmcnt  dc  minimiscr  les  intcrfdrcnccs  avec  les  opd- 
rations  adriennes  qui  sc  ddroulcnt  plus  has.  Enfin,  ellc  place  le 
vdhiculc  hors  dc  portdc  dcs  moyens  d’intcrccption  sol/air  clas- 
siques.  Toutefois,  ces  vdhiculcs  subsoniques  qui  dvoluent  h 
moins  dc  28(X)0m  et  qui  sont  peu  manocuvrants  demeurent  as- 
sez  vulndrablcs  face  h  dcs  missiles  air/air  tirds  depuis  un  avion 
d’intcrccption  haute  altitude. 


Malgrd  les  porldcs  trds  importanics  qui  peuvent 
etre  aticintes,  les  faibics  capacilds  dc  pdndtration  dcs  drones 
HALE  leur  rdservent  done  un  cmploi  siratdgiquc  privildgid 
dans  le  domainc  dc  I’obscrvalion  h  distance  dc  sdcuritd: 

-  ddtcction  dc  missiles  balistiqucs 

-  surveillance  dcs  mouvements  dcs  forces  aux 
abords  du  territoirc 

-  dcoute  dlcciromagndliquc 

Ces  systdmes  nc  couvrent  pratiquemcnl  pas  les  bc- 
soins  en  imageric  h.iutc-rdsolution  impliquds  par  le 
rcnscignement  siratdgiquc  dynamique  Us  nc  permettent  pas 
davantage  I’dtudc  des  dmissions  issues  des  ddfenses  siludes 
autour  d’un  objectif  profond. 

4.1.2.  Avion  de  surveillance  suhsnnique 

Les  avions  dc  surveillance  sont  dcstinds  ii  dcs  mis¬ 
sions  dc  mcme  type  que  les  drones  HALE  en  stand-off,  en 
opdrani  toutefois  d  altitude  bc.aucoup  plus  basse.  La  portdc  dcs 
systdmes  d’dcoutc  (horizon  radiodleciriquc)  cst  done  plus  rd- 
duitc.  En  contrepartic.  la  grande  capacitd  d’emport  dc  ces 
avions  permet  d’analyscr  .simuliandment  dc  nombrcuscs  ban- 
dcs  dc  frdqucncc,  et  dc  trailer  d  bord  les  signatix  rccucillis. 
Ceux-ci  peuvent  alors  etre  exploitds  immddiatcmcnt  pour 
orienter  la  suite  dcs  rcchcrchcs  sur  un  domainc  prdsentant  une 
activitd  particulidrcmcnt  intdrcssantc. 

4.1.3.  Satellites 

Les  systdmes  d  base  dc  satellites  d’obscrvation  sont  trds  bicn 
adaptds  pour  le  rccucil  du  rcnscignement  siratdgiquc  "slati- 
quc”.  11s  permettent  dcs  acquisitions  rdgulidres  sur  toutc  zone 
du  globe  avec  dcs  rdsolulions  fines  en  SAR  ou  en  optique,  en 
s’affranchissant  totalcmcnt  dcs  contraintes  lidcs  aux  interdic¬ 
tions  dc  survol 

Les  mcillcurcs  rdsolulions  nc  sont  toutefois  envisagc.ables  que 
dans  le  dom.iine  optique  pour  lequcl  il  faul,  dans  certains  cas 
(notamment  en  centre  Europe),  attendre  plusicurs  semaincs 
av.ant  d’obtcnir  dcs  conditions  dc  prise  dc  vuc  satisfaisantes  ( 
prdscncc  du  satellite  et  cicl  suffisamment  ddgagd).  Les  zones 
sur  Icsqucllcs  il  est  possible  d’obtenir  dc  frdqucnts  rafratehis- 
sements  sont  encore  plus  rarcs. 

L’emploi  dc  SAR  sur  un  satellite  permet,  outre  Taspcct  tons 
temps,  d’exploitcr  plcinemcnt  le  concept  d’antenne  synthdti- 
que  grace  aux  trds  grandcs  vitcsscs  dc  ddplaccmcnt  (>7.‘)00m/ 
s).  Ndanmoins,  la  haute  altitude  tempdre  cct  avantage  dc  Vites¬ 
se,  car  ellc  degrade  la  rdsolution  Doppler  en  rdduisant  les 
vitesses  dc  ddfilcmcnl  angulairc  dc  la  sedne.  Les  grandcs  dis¬ 
tances  d’obscrvation  (  hautes  altitudes)  imposent  en  outre  dcs 
puissances  installdcs  importanics  (  systdme  d  imageric  active), 
pdnalisant  ensemble  la  masse,  la  durdc  dc  vie  et  le  coQi  dc 
lanccmcnt 

Enfin,  les  satellites  sont  facilcs  d  ddiceter,  et  Icurs  trajcctoircs 
obdissent  d  dcs  lois  asscz  simples  dc  sortc  que  leur  prdscncc 
est  souvent  prdvisible.  Une  organisation  rigourcuse  doit  per- 
mettre  dc  mcner  dcs  opdrations  au  sol  qui  soient  discrdles  vis  d 
vis  dc  I’obscrvation  spatialc. 

Les  missions  impliqiiant  une  capacitd  dc  rendez-vous  cl  dc  trds 
h.iutcs  rdsolulions  (rccucil  de  preuves,  analyse  ddtailldc  dcs  ci- 
blcs),  ou  une  courtc  pdriode  de  revisite  (misc  d  jour  dcs 
mouvements  dcs  forces  au  sol)  ne  sont  pas  corrcctcmcnt  rem- 
plics  par  ces  systdmes 
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4.1.4.  Avion  de  reconnaissance  supersonique 

La  presence  d’un  ou  plusieurs  pilotes  dans  I’avion  impose  des 
contraintes  trfes  lourdes  sur  le  vehicule.  Le  vehicule  doit  done 
etre  conju  pour  etre  pratiquement  invulnerable,  au  moins  cen¬ 
tre  des  defenses  conventionnelles  (moyens  air/air  ou  sol/air 
non  nucleaires). 

Dans  le  meme  esprit,  la  fiabilite  de  I’avion  doit  etre  excellente 
pour  dviter  une  panne  grave  en  cours  de  mission.  Ceci  impose 
de  nombreuses  redondances  (notamment  concernant  la 
motor!  sation). 

La  grande  taille  de  ce  type  d’avion  offre  des  avantages  impor- 
tants  en  terme  de  capacite  d’emport  et  de  traitement.  Elle 
permet  egalement  la  mise  en  place  d’antennes  aux  extrdmites 
de  I’appareil:  la  grande  taille  du  reseau  ainsi  constitue  est  tres 
favorable  k  la  precision  de  localisation  des  sources  au  sol.  De 
meme,  la  taille  des  optiques  permettant  d’obtenir  les  hautes  re¬ 
solutions  souhaitees  ne  pose  plus  de  probleme  d’integration 
dans  I’appareil. 

Le  concept  possfede  potentiellement  les  qualites  requises  pour 
les  missions  de  renseignement  en  profondeur.  L’ aspect  furtivi- 
te  en  croisiere  doit  etre  correctement  pris  en  compte  si  on  veut 
assurer  la  mission  "recueil  de  preuve"  en  bdneficiant  au  mieux 
de  I’effet  de  surprise.  En  revanche,  I’emploi  de  systbmes  actifs 
d’imagerie  (Laser,  SAR)  ne  penalisent  pas  la  mission  car  il  ne 
revelent  la  prdsence  du  systeme  que  pendant  I’acquisition  des 
donnees. 

Dans  le  cas  de  trfes  grandes  vitesses  (M=4  &  6),  la  motorisation 
constitue  dgalement  un  point  delicat  ^  traiter,  car  elle  doit  aussi 
assurer  le  fonctionnement  ^  basse  vitesse  (decollage  et 
atterrissage). 

Les  coOts  trfes  dlevds  constituent  le  principal  obstacle  &  ce  type 
de  programme. 

4.1.5.  Drone  ou  avion  furtif  subsonique 

Ces  concepts  cherchent  &  exploiter  au  mieux  la  furtivite  (  ra¬ 
dar,  infrarouge,  acoustique)  pour  pouvoir  approcher  des 
objectifs  i  une  distance  telle  qu’elle  permette  une  acquisition  ^ 
haute  resolution.  L'approche  h  basse  attitude  permet  de  tirer 
profit  du  fouillis  de  sol  et  du  relief. 

Du  point  de  vue  des  senseurs,  le  vol  en  suivi  de  terrain  pourrait 
permettre  d’approcher  les  capacitfis  tout-temps  sans  recourir 
au  radar.  Lessen tiel  du  convert  nuageux  se  trouve  au  dessus  de 
la  ligne  de  vis6e,  de  sorte  que  I’utilisation  de  senseurs  visibles 
ou  infrarouges  semble  moins  limitde  par  I’absorption  atmos- 
phdrique  que  depuis  la  haute  altitude. 

Cependant,  plusieurs  arguments  peuvent  etre  opposes  ^  ce 
concept. 

a  -  II  ne  semble  pas  possible  d’obtenir  une  p6n6tration  rdelle- 
ment  profonde  sans  une  phase  initiate  k  une  altitude  plus 
dlevee  qui  permet  de  reduire  les  consommations  de  carburant 
et  d’obtenir  la  portfie  requise.  L’avion  se  trouve  alors  vulnera¬ 
ble  pendant  une  duree  assez  longue,  et  I’interception  dans  cette 
phase  pourrait  demeurer  assez  aisde,  d’autant  que  la  recherche 
de  la  furtivite  n’est  pas  tres  favorable  aux  performances  adro- 
dynamiques,  en  particulier  en  ce  qui  concerne  la 
manoeuvrabilite. 


b-  Malgrd  une  excellente  furtivitd  et  un  vol  en  suivi  de  terrain, 
les  seuils  de  detection  des  systfemes  de  defense  ne  devraient 
pas  permettre  le  survol  direct  d’une  cible  d6fendue.  Les  prises 
de  vues  seront  done  necessairement  rasantes  si  on  ne  tolere  pas 
une  excursion  importante  en  altitude.  On  voit  mal  comment 
une  telle  image  pourrait  correctement  decrire  I’activite  d’un 
site  industriel,  compte  tenu  des  effets  de  masquage  par  les  ar- 
bres,  le  relief,  ou  les  bStiments  entre  eux. 

c-  L’intdgration  des  senseurs  doit  faire  I’objet  d’un  soin  extreme 
pour  maintenir  la  SER  S  son  plus  faible  niveau  dans  les  direc¬ 
tions  sensibles.  Les  niveaux  de  SER  ddterminent  directement 
les  performances  du  concept  et  peuvent  constituer  une  source  de 
risque  technologique. 

Si  I’utilisation  d’un  drone  ou  d’un  avion  furtif  pour  le  recueil 
d’ images  &  haute  rdsolution  prdsente  un  certain  nombre 
d’ avantages  lies  essentiellement  h  la  possibilite  d’approcher  un 
objectif  d’assez  prbs,  on  constate  qu’une  analyse  plus  detaillee 
des  missions  &  realiser  fait  surgir  de  nombreuses  limitations 
d’emploi. 

4.2.  Missions  de  base  pour  les  drones  hypersoniques 

Les  systfemes  que  nous  venons  d’fivoquer  ne  permettent  de  re- 
pondre  que  partiellement  aux  besoins  exprimes  dans  le 
domaine  du  renseignement  stratdgique.  Pour  la  plupart  des 
mission,  les  caracteristiques  spdcifiques  des  drones  hypersoni¬ 
ques  en  font  au  minimum  une  alternative  avantageuse: 

-  cout  faible  par  rapport  il  un  programme  de  type  avion 

-  invulnfirabilite  face  i  pratiquement  tout  systbme  d’arme 

-  non  compromission  garantie  par  I’absence  de  pilote,  I’in- 
vuln6rabilit6,  et  dventuellement  une  desintegration  haute 
altitude  en  cas  de  panne 

-  capacite  de  rendez-vous  en  temps  et  en  espace 

-  un  delai  d’arrivee  sur  site  trbs  rdduit 

-  possibilite  de  survol  direct  pour  obtenir  des  vues  plon- 
geantes  successives  permettant  une  reconstruction  3D 

Recueil  de  preuve: 

Cette  mission  consiste  genfiralement  h  obtenir  une  prise  de  vue 
contenant  I’information  recherchee.  Le  drone  hypersonique 
n’est  pas  contraint  h  des  visees  rasantes.  L’aptitude  h  I’effet  de 
surprise  permet  d’analyser  I’activitd  en  dehors  des  horaires  de 
passage  des  satellites,  et  avec  une  meilleure  resolution.  Enfin, 
on  pent  envisager  que  le  delai  entre  la  connaissance  d’une  acti- 
vite  en  cours  sur  un  site  dloignd  de  1000  km  et  I’acquisition  de 
la  preuve  de  cette  activity  soit  inferieur  ^  30  minutes. 

Preparation  d’attaoue  au  sol: 

La  periode  de  rafraichissement  du  renseignement  "statique"  est 
assez  importante  (  souvent  plus  de  6  mois).  Pour  la  navigation 
autonome  par  imagerie  radar  d’un  missile  air/sol  h  trbs  longue 
portee  ou  d’un  missile  de  croisiere  subsonique  en  suivi  de  ter¬ 
rain,  la  recherche  d’une  bonne  precision  finale  impose  des 
recalages  frequents  qui  nuisent  h  la  furtivite  ou  introduisent 
des  contraintes  de  trajectoire  (survol  des  regions  pauvres  en 
amers).  Une  imagerie  r6alisee  juste  avant  la  mission  (quelques 
heures  ou  quelques  minutes)  favorise  grandement  la  qualitfi 
des  correlations  calculees  pendant  I’attaque,  et  accroissent  la 
precision  de  la  navigation.  De  meme,  lors  du  recalage  termi¬ 
nal,  il  devient  possible  de  designer  avec  precision  la  cible  dans 
une  image  presque  identique  h  celle  qui  sera  vue  lors  de 
I’attaque. 
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Surveillance  et  suivi  dcs  mouvcmcnts  de  force: 

A  la  difference  de  la  surveillance  tactique  qui  implique  la  per¬ 
manence  sur  zone,  la  surveillance  stratdpique  eonceme  un 
niveau  de  ddcision  plus  global.  Dans  ce  contextc,  les  drones 
hypersoniques  permettent  d'envisaccr  un  bilan  de  I'clat  d'acli- 
vitd  de  trds  nombreux  sites  simultandment.  A  litre  d’cxemplc, 
un  petit  nombre  de  missions  pourrait  stiffire  li  imager  en  qucl- 
ques  hciires  tons  les  rdgiments  de  chars.  Cette  mission  requiert 
dcs  capacitds  de  stockage  plus  dtcnducs  que  pour  les  autres 
missions. 

Ecoute  sur  traiectoirc  pcnetrante: 

Cette  mission  s’oriente  principalemcnt  vers  I'dcoulc  dcs  systd- 
mes  de  ddfense  situds  en  profondcur  dans  Ic  tcrritoirc.  Lcurs 
dmissions  nc  peuvent  en  effet  pas  etre  captdes  depuis  les  fron- 
tidres  car  ellcs  sc  situent  au-delh  do  I’horizon  radiodlcctriquc. 
Par  aillcurs,  les  radars  de  poursuitc  fonctionnent  csscnlicllc- 
ment  lors  dcs  intrusions,  el  pourraient  rcsier  asscz  discrcis  le 
rc.stc  dll  temps.  Ainsi,  les  drones  rapidcs  sc  pretent  asscz  bicn  h 
dcs  missions  de  survol  dcs  zones  prdsiimdcs  etre  des  sites  ra¬ 
dar,  afin  d'en  confirmer  la  nature  ct  d’identificr  quclqiics 
caraetdristiques  (bande,  mode,  puissance,..),  inversemeni,  on 
pout  dgalcmcnl  exploiter  ccs  drones  pour  fournir  unc  localisa¬ 
tion  approximative  de  sources  radar  nouvcilcs  on  qui  auraient 
dchappd  aux  pholo-intcrprdtcs  dans  les  images  saiclliiaircs. 

Aucunc  de  ccs  missions  n’imposent  fondamcntalemcnt  de 
pouvoir  modifier  la  trajcctoirc  en  fonction  dcs  donndcs  rc- 
cucillics.  Elies  s'accommodent  bicn  de  paramdtres 
programmds,  de  I’abscnec  d’un  pilotc,  de  capacilds  dc  trailc- 
ment  modcslcs,  et  dc  mnyens  dc  communication  trds  rddiiits. 
voire  incxistants. 


5.  Charges  utiles  pour  la  reconnaissance  strategiqiie 

Dans  eette  panic,  nous  analyserons  les  moyens  d'imageric 
passive  (visible,  IR)  et  active  (SAR),  puis  I’apport  dc  charges 
dc  type  SIGINT  pour  les  missions  opdralionncllcs  envisagdes 

5.1  Imagcrie  SAR 

5. 1. 1  Recherche  dc  performances  Ions  temps 

Les  ondes  radar  ont  la  propridtd  d’etre  faiblcmcnt  attdmidcs  par 
ratmosphdre,  cc  qui  permet  d’envisaccr  dcs  performances  tons 
temps.  Ce  point  est  parliculidrcment  important  en  centre  Euro¬ 
pe,  oil  Ic  convert  nuagciix  limitc  trds  fortcmcni  I’utilisalion 
d’imagcurs  dans  le  visible  et  I’infrarougc.  La  figure  1  donne 
dcs  valcurs  typiques  d’altdnuations  dues  &  I’almosphdrc  en 
prdscncc  dc  prdcipitations,  depuis  les  frdqiicnrcs  radar  jus- 
qu’au  domainc  visible  (ref  [1]  page  8) 


Altdnualion  dB/km 


Fig  1 :  attdmiation  atmosphdriqiic 


L’attdniiation  augmenie  aver  la  frdqucncc  des  ondes  radar, 
mais  rcste  ndgligc.ablc  cn  atmosphdre  claire.  Siirun  trajet  allcr- 
rctour  oblique  plongeanl  depuis  unc  altitude  de  30kni,  ellc  est 
en  effet  infdrieure  il  2  dB  pour  toutc  la  gamme  dc  frdqucncc  de 
1  h  3.5  GH/,(2] 

L’inidret  du  radar,  ddjii  dvident  cn  prdscncc  dc  pluic,  devient 
dnormc  en  prdscncc  dc  nuages.  Sur  un  parcours  allcr-rctour 
traversant  un  miagc  dense  pendant  1km,  on  doit  comparer 
0.2dB  ail  dcssous  dc  30GH7  avee  plus  dc  2nO(IR  cn  IR  proche 
et  dans  le  visible. 


5.1.2  Principe  de  I'ontennr  synlheliqne 

L’ouvcrture  d’un  faisccau  radar  (qui  ddicrmine  la  rdsolution 
qui  pourra  etre  obtenue)  est  inversemeni  proportionnelle  h  la 
taille  dc  I’antenne.  Pour  dcs  applications  d’imageric,  la  recher¬ 
che  dc  halites  rdsolutions  passe  par  dcs  aniennes  dont  la  taille 
exedde  largcmeni  ccllc  dcs  engins  qui  les  emportent. 

Lc  principc  dc  I’antenne  synthdtique  consisic  h  rcconsiitucr  par 
un  traitement  cohdrent  une  antenne  virtuclle  dont  la  longueur 
est  dgalc  ^  la  distance  parcounie  par  lc  portciir  pendant  Ic 
temps  d’illumination.  Dans  ccs  conditions,  on  perfoit  nctlc- 
ment  I’intdrct  que  pent  offrir  un  drone  dvoluant  ?i  dcs  vitcsscs 
dievdes  En  effet,  h  Mach  5,  une  durdc  d’intdgration  dc  1, 5s 
nous  ramdne.  scion  lc  calcul  prdeddent.  h  unc  antenne  dquiva- 
lentc  dc  2250m. 

Les  haules  vitcsscs  constituent  done  un  factcur  qui  est  favora¬ 
ble  h  I’obtcntinn  dc  hautes  rdsolutions.  Toutes  choscs  dgalcs 
par  aillcurs,  la  rdsolution  s’amdliorc  avee  le  rapport  cnirc  la  Vi¬ 
tesse  du  portcur  ct  I’altitudc  (ddfilement  du  sol  qui  ddicrmine 
la  rdsolution  Doppler).  Le  tableau  I  donne  dcs  valcurs  caracld- 
ristiques  dc  ccs  paramdtres,  montrant  potcniicllcment  un 
factcur  supdricur  ci  2  en  faveur  dcs  drones  hypersoniques  par 
rapport  aux  satellites. 


Tableau  I 

Z  (km) 

V  (ni/s) 

V/Z 

dronr  altitude 

1 

80 

80 

drone  Hypersnnique 

30 

1350 

45 

Satellitrs 

400 

7500 

188 

drone  HAI-F 

27 

120 

4  5 

Sur  un  drone  HALE,  la  recherche  d’un  rcnscigncmeni  cn  pro- 
fondeur,  derridre  la  ligne  froniidrc,  conduit  ccs  derniers  h 
opdrer  h  grande  distance,  sous  dcs  incidences  asscz  rasanics. 
Les  phdnomdnes  d’absorption  limilcnl  I’utilisalion  dcs  radars  h 
dcs  longueurs  d’ondc  asscz  basses.  Dc  plus.  Ic  masquage  du 
tcrr.ain  par  lc  relief  rend  certains  sites  inacccssiblcs  h 
r  observation. 

A  I’invcrsc.  les  drones  hypersoniques  peuvent  approchcr  lcurs 
objcctifs  pour  sc  placer  dans  les  conditions  dc  prise  dc  vuc  les 
plus  favorablcs.  Les  phdnomdnes  d’absorption  diant  rddiiits,  on 
pourra  utiliscr  dcs  longueurs  d’ondcs  plus  petites,  cc  qui  est  H 
nouveau  favorable  h  la  rdsolution,  el  diminiic  ensemble  les 
tallies  d’antennes  ct  les  puissances  inslalldcs. 
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5.2  Equipement  ELINT/COMINT 

On  cherche  maintenant  a  tirer  profit  de  la  menace  engendree 
par  la  pdndtration  haute  altitude  d’un  vehicule  &  grande  vitesse. 
Un  tel  comportement  est  supposd  mettre  en  alerte  I’ensemble 
du  rdseau  de  defense  et,  en  particulier,  les  radars  de  detection, 
de  poursuite  et  de  conduite  de  tir.  Le  dispositif  embarque  doit 
remplir  les  deux  fonctions  suivantes: 

a  -  localiser  les  sources  non  repertoriees: 

La  mission  consiste  en  un  survol  d’une  region  supposee  conte- 
nir  des  sites  radar  en  raison  de  la  presence  de  cibles  &  haute 
valeur.  II  peut  s’agir  egalement  de  missions  a  caractbre  syste- 
matique,  prenant  la  forme  d’un  quadrillage  du  territoire. 
Quelques  missions  effectuees  selon  des  hippodromes  permet- 
tent  de  traiter  un  domaine  de  1000  km  x  1000  km  en  survolant 
chaque  point  avec  un  deport  lateral  maximal  moddrd.  Le  syste- 
me  d’ecoute  doit  couvrir  le  plus  grand  domaine  angulaire 
possible.  Les  precisions  qui  peuvent  etre  atteintes  sont  directe- 
ment  liees  k  la  table  du  porteur,  qui  determine  les  distances 
maximales  entre  antennes.  Par  ailleurs,  si  on  dispose  k  bord 
des  traitements  pour  la  detection/localisation  et  de  Timagerie 
SAR,  on  peut  envisager  d’interessantes  synergies. 

b  -  analyser  des  sources  de  positions  connues: 

L’analyse  des  modes  de  fonctionnement  d’un  radar  de  posi¬ 
tion  connue  suppose  une  capacitd  a  orienter  I’ecoute  sur  un 
secteur  angulaire  particulier,  variable  pendant  le  survol.  Les 
traitements  h  mettre  en  place  passent  par  une  analyse  detaillee 
des  systfemes  ^  ecouter.  Mieux  leurs  caracteristiques  seront 
connues  k  I’avance,  plus  les  informations  recueillies  seront 
detaillees; 

-  frequence  en  mode  surveillance,  cadence  des  impul¬ 
sions,  puissance,  polarisation 

-  apparition  d’un  mode  de  poursuite:  distance,  recherche 
de  la  bande,  agilite,  puissance 

-  eventuellement,  engagement  par  une  conduite  de  tir 

Une  trajectoire  bien  choisie  peut  permettre  de  sur- 
voler  plusieurs  sites  en  une  seule  mission. 

Le  traitement  de  ces  informations  permet  d’acce- 
der  ^  des  informations  de  haut  niveau.  Les  instants  auxquels  se 
produisent  les  changements  de  modes  renseignent  sur  les  per¬ 
formances  du  reseau  (distance  de  ddtection,  temps  de 
reaction...)  ainsi  que  sur  sa  philosophic  d’emploi. 

5.3  Imagerie  IR  passive 
5.3.1  Generaliles 

L’imagerie  passive  dans  I’lR  exploite  les  Emissions  spontandes 
des  constituants  de  la  scbne,  qui  dependent  des  materiaux  qui 
les  constituent  et  de  leur  tempdrature.  Le  principe  fonctionne 
done  de  jour  et  de  nuit,  avec  toutefois  des  images  diffdrentes 
(frequentes  inversions  de  contraste  thermique),  et  une  trfes  for¬ 
te  influence  des  conditions  atmosphdriques. 

Les  performances  des  systemes  d’imagerie  IR  sont  principale- 
ment  caraetdrisdes  par  leur  resolution  spatiale  (de  mSme  qu’en 
imagerie  visible),  et  par  leur  resolution  thermique.  En  effet,  les 
images  recherchdes  ressemblent  beaucoup  &  une  carte  de  tem- 
pdrature,  de  sorte  que  les  contours  physiques  des  objets 
n’apparaissent  que  s’ils  tdmoignent  d’un  contraste  thermique 
par  rapport  au  fond  de  sedne. 


La  rdsolution  spatiale  ddpend  de  plusieurs  facteurs: 

a  -  La  turbulence  atmosphdrique  provoque  une  ddviation  des 
rayons  lumineux  (gradients  d’indice  de  rdfraction),  qui  se  tra- 
duit  par  une  agitation  des  images  dans  le  plan  focal.  Pour  des 
temps  de  pose  courts,  elle  peut  induire  des  ddformations  loca¬ 
les  de  I’image,  de  sorte  que  la  conformitd  gdomdtrique  peut 
etre  ddgradde.  Inversement,  pour  des  temps  de  pose  longs,  ces 
agitations  locales  sont  moyenndes:  la  conformitd  gdomdtrique 
est  restaurde,  mais  le  lissage  temporel  introduit  du  flou  sur  les 
petits  objets.  Cette  turbulence  d  long  terme  ddpend  des  caraetd- 
ristiques  de  I’atmosphdre  et  peut  facilement  etre  moddlisee 
sous  la  forme  d’une  function  de  transfert. 

b  -  La  diffraction  de  I’onde  incidente  sur  la  pupille  erde  dans  le 
plan  image  une  tache  dont  la  table  correspond,  dans  la  sedne,  d 
la  table  minimale  des  objets  qui  peuvent  etre  discriminds  (in- 
ddpendamment  des  autres  phdnomfenes  perturbateurs).  Cette 
taille  (rayon  caraetdristique  rc ),  correspondant  a  une  frdquence 
spatiale  de  coupure,  est  donnde  par: 


X.L 

rc=  - 

D 

oh:  1  longueur  d’onde 

L  distance  de  la  cible 
D  diametre  de  la  pupille 

c  -  L’dchantillonnage  spatial  par  la  barrette  ou  la  matrice  de  dd- 
tecteurs  situde  au  plan  focal  image  introduit  une  perte 
d’information  sur  le  signal  initial:  la  valeur  affeetde  a  un  pixel 
correspond  h  une  moyenne  des  flux  regus  sur  la  surface  du  dd- 
tecteur.  La  recherche  de  hautes  rdsolutions  passe  par 
I’dlaboration  de  ddtecteurs  de  petite  taille,  et  I’emploi  de  gran¬ 
de  focales. 

Ces  facteurs  de  ddgradation  s’expriment  sous  la  forme  d’une 
fonction  de  transfert  appelde  FTM  (  fonction  de  transfert  de 
modulation),  obtenue  par  le  produit  des  FTM  de  chaque  phd- 
nomdne,  et  caraetdrise  I’attdnuation  que  subit  le  signal  pour 
une  dchelle  spatiale  donnde  (souvent  reprdsentde  sous  forme 
frdquentielle). 

l.a  rdsolution  thermique  ddoend  du  rapport  signal/bruit  du  sys- 
tdme:  on  cherche  h  maximiser  le  nombre  de  photons  provenant 
de  la  sedne,  en  sorte  de  erder  un  nombre  de  charge  grand  de- 
vant  le  bruit  propre  des  ddtecteurs,  en  demeurant  cependant  au 
dessous  du  seuil  de  saturation.  Le  nombre  de  photons  est  favo- 
risd  par  une  grande  pupille,  une  sedne  chaude,  une  faible 
attdnuation  atmosphdrique,  et  un  long  temps  d’ integration.  Ce 
dernier  doit  toutefois  etre  choisi  en  sorte  d’dviter  les  phdnome- 
nes  de  bougd,  qui  ddpendent  de  la  vitesse  du  porteur. 

Pour  une  tempdrature  de  sedne  et  des  caraetdristiques  donndes 
pour  I’atmosphere  et  le  senseur,  on  peut  calculer  le  NETD 
(Noise  Equivalent  Temperature  Difference)  pour  une  bande  de 
frdquences  donnde. 

Pour  reprdsenter  la  ddtectabilitd  des  cibles,  on  utilise  le  MRTD 
( diffdrence  de  tempdrature  minimale  rdsolue)  qui,  pour  une  di¬ 
mension  de  cible  donnde,  ddtermine  I’dcart  de  tempdrature 
qu’elle  doit  prdsenter  par  rapport  k  son  environnement  pour 
etre  ddteetde. 

Sur  la  base  de  ces  considdrations,  on  constate  rapidement  que 
les  limitations  de  performances  ont  des  origines  trds  diffdren¬ 
tes  en  bande  II  et  en  bande  III. 
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5.3.2  Ca.c  dc  la  handc  III  (X  =  8- 1 2\l) 

Dans  ccttc  panic  dii  spectre,  on  travaillc  avee  des  longueurs 
d'ondc  assez  grandcs,  pour  Icsqiicllcs  I’effet  dc  la  diffraction 
est  Irfes  pdnalisant.  La  figure  2  montre  Ics  FTM  obtcnucs  pour 
unc  optique  dc  Im  dc  focalc  ct  unc  pupillc  dc  200mm  dc  dia- 
mfttre,  en  prenant  cn  comptc  I’cchantiilonnagc  ct  la  diffraction. 


Pour  ccttc  pupillc,  la  laillc  dc  la  tache  dc  diffraction  corres¬ 
pond  It  unc  ciblc  dc  l.Sni  dc  rayon.  Unc  risolution  infcricurc 
au  mfetre  impose  des  diamitres  dc  pupillcs  dc  I’ordrc  dc  Im.  cc 
qui  pose  dc  d6licats  probl^mcs  d’int^gration. 

En  contrcpartic,  la  seine  fournit  cn  bandc  III  unc  grande  quan- 
titd  dc  photons,  qui  permettent  dc  maximiscr  Ic  rapport  signal/ 
bruit  des  ddtcctciirs  avee  des  temps  dc  pose  tris  courts:  Ics 
temps  d'intdgration  sont  assez  faiblcs  pour  dvitcr  les  effets  dc 
bougd  sans  qu’il  suit  ndccssairc  dc  compenser  les  mouvements 


5.3.3  Ca.^  dc  la  handc  11  (3  a  5  \l) 

Dans  ccttc  bandc,  on  travaillc  avee  des  longueurs  d’ondc  plus 
courtes,  pour  Icsqucllcs  les  effets  dc  la  diffraction  sont  moins 
pdnalisants.  Toutefois,  avee  unc  pupillc  dc  200mm.  la  taillc 
critique  d'une  ciblc  it  30km  est  dc  I'ordrc  dc  1 .20m. 

Par  aillcurs,  la  bandc  II  fournit  moins  dc  photons  que  la  bandc 
III,  dc  sorte  que  les  temps  d’intdgration  doivent  etre  scnsible- 
ment  accrus  si  on  vent  conserver  unc  rdsolution  thermique 
satisfaisantc.  A  grande  vitesse,  il  pent  devenir  ndccssairc  dc 
compenser  les  effets  dc  bougd  pendant  Ic  temps  d’intdgration. 


5.3.4  Optique  visihle  ct  prochc  IR 

En  bandc  visible,  on  exploitc  la  rdflexion  dc  la  lumiirc  solairc 
par  la  seine.  La  tempdrature  dc  .seine  n’intervient  plus  dans  les 
bilans  dc  liaison,  et  e’est  I’dclaircmcnt  qui  jouc  Ic  role  domi¬ 
nant.  Les  differentes  sources  dc  FTM  existent  toujours,  mais 
I’utilisation  dc  petites  longueurs  d’ondc  rdduit  tris  scnsiblc- 
ment  les  limitations  dues  h  la  diffraction 

Un  systime  optique  dans  Ic  visible  devrait  rdpondre  au  besoin 
dc  rdsolution  avee  dc  petites  pupillcs,  mais  pas  sous  I’aspcct 
tous  temps,  ni  la  nuit. 


5.3.5  Bilan  ennremant  Vima^cric  passive 

La  Bandc  III  .scmblc  cxcluc  pour  obtenir  unc  tris  haute  rdsolu¬ 
tion  i  haute  altitude  sur  un  vdhiculc  petit.  L’lR  passif  prend  tout 
son  intdret  en  bandc  II  sur  des  vdhiculcs  cap.ablcs  dc  rcccvoir 
des  optiques  d’au  moins  400mm  dc  diamitre. 

La  bandc  visible  est  utilisablc  facilcmcnt  mais  sc  limitc  aux  cas 
diurncs  dc  dels  ddgagds. 


Des  complements  d’dtudc  demeurent  ndccssaircs  pour 
prdciscr; 

-  I’influcncc  des  effets  adro-optiques 

-  les  mdthodcs  de  balayape  (miroirs  mobiles,  cadence...) 

-  les  besoins  dc  refroidissement  pour  I’lR 

6.  Misc  en  oeuvre  operationnelle 

6.1  Modes  de  lancemcnt 

La  propulsion  par  statordaetcur.  parfaitement  adaptdc  aux  pro¬ 
fils  dc  mission  comportant  une  croisiirc  it  haiit  Mach,  impose 
des  contraintes  dans  les  phases  basses  vitesse.  car  la  poussdc 
que  pent  delivrer  Ic  motcur  n’est  significative  qti’cl  partir  d’une 
vitesse  asscz  dievde  (Mach  >  2*).  Pour  attcindre  ccs  conditions 
de  fonetionnement  du  statordaetcur,  on  doit  mettre  cn  place  un 
moycn  d'accdldration  initial 

La  solution  d’un  accdicr.alcur  intdgrd  permet  d’cxploiter  plcinc- 
ment  Ic  volume  dc  la  chambre  dc  combustion  cn  la  remplissant 
dc  poudre.  La  stnicturc  dc  la  chambre  doit  alors  etre  dimension- 
ndc  pour  rdsistcr  aux  fortes  pressions  qui  apparaissent  dans  ccttc 
phase.  Par  aillcurs,  les  opcrcules  d’entrdc  d’air  doivent  etre 
djeetds  cn  fin  d’accdldration. 

Un  accdldratcur  larg.ablc  permet  dc  s’affranchir  dc  ccs  deux  dcr- 
niers  points  (settle  la  structure  du  booster  est  soumisc  aux  fortes 
pressions),  mais  Ic  volume  alloud  h  la  poudre  est  plus  rdduit, 

Ces  deux  concepts  sont  applicablcs  lorsquc  I’incrdmcnt  dc  vi¬ 
tesse  h  communiquer  n’est  pas  trop  grand  (choix  dcs  conditions 
de  largagc). 

Dans  Ic  cas  d'un  tir  depuis  le  sol.  la  qunntitd  de  poudre  ndccs- 
sairc  n’est  plus  compatible  avee  le  volume  interne  dc  la  cham¬ 
bre.  et  on  utilise  un  booster  exteme. 

Unc  alternative  aux  accdlcratcurs  h  poudre  pent  etre  offerte  par 
I’cmploi  d’un  mode  fusdc  h  effet  djcctcur,  notamment  dans  Ic 
cas  d’un  vdhicule  dc  grande  taillc  intdprant  Ic  rdservoir  suppld- 
mentaire  ndccssairc.  Le  rcconditionncmcnt  aprds  rctourdc  mis¬ 
sion  pourrait  etre  grandement  simplifid  par  rapport  &  unc 
solution  <1  accdlcrateur  intdgrd. 

6.2  Recuperation  de  I’engin 

La  rdcupdration  du  drone  est  unc  phase  indispcns.ablc  pour  li¬ 
miter  les  couts 

Classiquement,  les  senscurs  constituent  un  postc  trds  important, 
dc  mcme  que  les  dquipements  dc  navigation.  Pour  un  drone 
dvoluant  h  trds  grande  vitesse,  la  structure  du  vdhiculc  reprdsen- 
te  dgalcment  un  coOt  sensible,  notamment  si  dcs  matdriaux  ab- 
sorb.ants  radar  haute  tempdrature  devaient  etre  mis  cn  place. 

La  longdvitd  dc  la  chambre  dc  combustion  (cn  nombre  dc  mis¬ 
sion  rdalis.ablc)  est  plus  difficile  h  estimer.  ct  ddpend  fortement 
dcs  technologies  miscs  cn  oeuvre  (puits  dc  chaleur.  chambre  rc- 
froidics...).  ellcs-mcmcs  lidcs  aux  impdratifs  dc  trajectoircs 
(flux,  durdcs)  et  aux  dimensions  du  vdhiculc 

II  en  va  dc  mcme  pour  les  dldmcnts  cxtcrncs  comme  les  cntrdcs 
d’air  ou  les  gouvemes,  pour  Icsqucllcs  on  confoit  que  la  rdcu¬ 
pdration  pourrait  etre  h  Poriginc  d’impacts  locaux  sur  la  struc¬ 
ture 

II  est  done  certain  que  I’emploi  d’un  drone  hypersonique.  dd- 
did  au  rccucil  dc  rcnscigncmcnts  ponctuels  h  haute  valcur, 
ndccssitera  d’une  part  dc  Ic  rdcupdrer,  ct  d’autre  part  d’cffcc- 
tuer  un  certain  nombre  dc  controlcs  entre  deux  missions 
succcssivcs. 
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Plusieurs  modes  de  rdcuperation  peuvent  etre  envisages; 
a  -  retour  autonome  sur  une  piste 

Pour  les  vehicules  capables  d’un  dficollage  autonome,  le  retour 
sur  piste  est  une  solution  naturelle.  Cette  solution  laisse  toute- 
fois  pos6s  les  problemes  suivants: 

-  contraintes  sur  la  trajectoire,  la  portde,  les  manoeuvres 
finales 

-  contrfile  de  I’approche  &  basse  vitesse  (efficacite  des 
gouvernes,  stabilite,  degre  d’automatisation...),  puis 
pendant  le  ralentissement  au  sol  (impact,  glissement  ou 
roulement) 

-  integration  dans  le  trafic  aerien,  notamment  en  vol  su- 
personique 

Cette  solution  serait  particulierement  bien  adaptee  pour  un  v6- 
hicule  disposant  d’un  tres  grand  rayon  d’action,  peu  contraint 
par  la  localisation  des  pistes  utilisables. 

En  revanche,  un  drone  "minimal"  ne  devrait  pas  disposer  de 
toutes  ces  qualites  de  vol. 

b  -  recuperation  par  parachute 

Ce  mode  de  rdcuperation  permet  a  priori  de  tirer  un  meilleur 
parti  de  la  portee  du  vehicule,  car  il  peut  etre  envisage  des  le 
retour  en  zone  amie,  en  s’affranchissant  des  contraintes  sur  la 
localisation  des  pistes  d’atterrissage  et  les  trajectoires 
d’approche, 

Le  dimensionnement  de  la  ehaine  parachutale  et  d’un  dventuel 
dispositif  d’amortissement  sur  coussin  gonflable  est  toujours 
possible,  mais  il  penalise  directement  le  volume  alloue  au  car- 
burant  ou  aux  equipements. 

L’utilisation  d’un  helicoptere  pour  recueillir  en  vol  le  vehicule 
sous  son  parachute  semble  un  mode  de  recuperation  plus 
avantageux: 

-  elimination  des  risques  associds  11  I’impact  (senseurs 
preserves,  meme  peu  durcis) 

-  suppression  du  probleme  d’integration  de  dispositifs 
d’amortissement 

-  le  choix  du  taux  de  chute,  qui  ne  depend  que  des  per¬ 
formances  de  I’helicoptere  et  du  savoir  faire  des  pilo- 
tes,  permet  de  reduire  la  taille  du  parachute 

-  guidage/pilotage  rudimentaire  en  phase  terminale  (vol 
rectiligne ) 

-  choix  de  la  zone  au  sol  sans  importance  (recuperation 
aerienne) 

-  le  recueil  en  mer  ne  change  rien  au  procede 

Le  systfeme  de  rdcuperation  americain  MARS  (Mid  Air  Retrie¬ 
val  System)  fonctionnait  sur  ce  principe  pendant  la  guerre  du 
Viet-nam  pour  des  drones  de  grande  taille  largues  par  un  gros 
porteur  DC- 130  HERCULES. 


La  possibilite  de  prolonger  aussi  loin  que  possible  le  vol  aux 
basses  vitesses  permet  de  rdduire  les  specifications  concernant 
I’ouverture  du  parachute  de  freinage.  Il  est  dont  utile,  meme  si 
on  ne  cherche  pas  k  poser  le  vehicule  sur  une  piste,  d’en  eva- 
luer  le  comportement  dans  ce  domaine  de  vol  inhabiltuel. 


6.3  Liaison  avec  le  sol 

Les  echanges  d’ information  entre  un  drone  et  une  station  de 
controle  nficessitent  la  mise  en  place  d’une  liaison  de  donnees 
dont  les  caracteristiques  different  fortement  selon  le  sens  du 
transfert.  La  station  transmet  vers  I’engin  les  donnees  concer¬ 
nant  la  trajectoire  et  la  gestion  des  modes  des  senseurs.  Ce 
mode  de  controle  est  indispensable  pour  des  missions  de  lon¬ 
gue  durde  (comme  la  surveillance),  notamment  si  elles 
doivent  pouvoir  etre  reconfigurdes.  Il  s’agit  generalement 
d’une  liaison  &  faible  debit. 

Inversement,  le  drone  transmet  en  retour  les  donnees  issues 
des  senseurs,  qui  peuvent  conduire  &  des  debits  trfes  importants, 
et  qui  doivent  etre  proteges  contre  le  brouillage  (compression 
des  donndes,  dtalement  du  spectre  de  transmission,  antennes 
directionnelles).  Dans  le  cas  de  drones  rdalisant  des  images  en 
continu,  la  transmission  est  une  necessite,  car  le  stockage  serait 
impossible. 

Le  vol  a  haute  altitude  est  favorable  ii  une  bonne  transmission 
&  grande  distance,  en  raison  des  faibles  attenuation  atmosphd- 
riques.  Il  est  alors  possible  d’utiliser  des  frequences  dlevees, 
autorisant  I’emploi  d’antennes  de  petite  taille.  Toutefois,  le  be- 
ndfice  de  cette  bonne  transmission  n’est  exploite  que  si  la 
station  de  rdception  se  trouve  dgalement  &  haute  altitude  (avion 
relais,  satellite).  En  revanche,  un  transfert  direct  vers  le  sol  ne 
semble  pas  possible  &  trfes  longue  portee  car  les  signaux  doi¬ 
vent  traverser  des  couches  basses  de  I’atmosphere:  ils  sont  plus 
fortement  att^nuds,  et  peuvent  etre  brouilles  par  un  dmetteur 
situe  entre  le  drone  et  la  station  sol. 

De  plus,  meme  dans  le  cas  favorable  d’une  station  adroportee  & 
12000m  d’altitude  (cas  d’un  gros  porteur  qui  pourrait  dgale- 
ment  constituer  la  plate-forme  de  lancement  du  drone),  les 
portdes  radiodlectriques  avec  un  vehicule  dvoluant  k  30000m 
sont  de  I'ordre  de  1100km,  ce  qui  peut  constituer  une  limita¬ 
tion  d’emploi  lorsque  de  trds  grandes  distances  doivent  etre 
parcourues.  Le  transfert  par  satellite  relais  s’impose  alors,  mais 
il  introduit  de  fortes  contraintes  gdomdtriques  pour  assurer  le 
pointage  des  antennes. 

La  mise  en  place  d’une  liaison  de  donndes  pose  done  un  pro¬ 
bleme  assez  complexe,  couplant  trds  fortement  le  vdhicule 
(masse,  adrodynamique,  pilotage)  et  son  concept  d’emploi. 


6.4  Contraintes  sur  les  trajectoires 

Les  contraintes  opdrationnelles  imposent  gdndralement  une  tra¬ 
jectoire  complexe,  avec  au  minimum  la  contrainte  d’une  rdcu- 
pdration  en  zone  amie. 

Les  grandes  vitesses  de  croisiere  imposent  des  rayons  de  cour- 
bures  importants,  et  guident  fortement  le  tracd  du  profil  de  mis¬ 
sion.  Si  on  fait  I’hypothdse  simplificatrice  selon  laquelle  un 
virage  sous  facteur  de  charge  latdral  k  accroit  la  consommation 
d’un  facteur  sqrt  (1  -r  k^),  on  constate  par  exemple  qu’un  demi 
tour  &  Mach  5  sous  Ig  de  facteur  latdral  (  rayon  de  courbure  de 
230  km)  accroit  de  40%  la  consommation,  pendant  les  480  se- 
condes  de  la  manoeuvre,  c’est  &  dire  sur  720  km  de  vol. 

Il  est  done  clair  que  le  rayon  d’action  est  nettement  infdrieur  I 
la  moitid  de  la  portee  sur  trajectoire  rectiligne,  et  qu’il  existe  une 
manoeuvre  de  demi-tour  optimale  maximisant  la  pdndtration. 
Par  ailleurs,  I’intdret  d’utiliser  des  trajectoires  traversantes  en 
dissociant  lancement  et  recupdration  est  d’autant  plus  grand  que 
la  vitesse  est  dlevde. 
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7.  Conclusion 

Dans  le  domainc  dcs  rdsolutions  comprises  entre  Im  cl  30m, 
Ics  drones  actucls  oii  cn  projet  ct  les  salellilcs  consiitucnt  dcs 
syslfcmcs  compl(5mcntaircs,  pour  dcs  missions  permanentes  dc 
surveillance  en  zone  prochc  dcs  frontiircs  (menace  rapidement 
variable  avee  effc!  h  court  terme),  et  I’observation  en  profon- 
dciir  dc  menaces  h  moycn  et  long  terme  (activity  dc  sites, 
amdnagement  d’infrasiructurcs). 


Toutefois,  aucun  dc  ccs  systi'mes  nc  permet  actiiellcmeni  dc 
rccucillir  avee  dc  courts  temps  dc  riponsc  dcs  rcnscigncmenis 
de  type  image  5  dcs  rdsolutions  sub-m(5triqucs,  ou  dc  type  flcc- 
tromagndtique  cn  zone  profondc.  Par  aillcurs,  I’dcoutc  des 
rdactions  dcs  systfcmcs  dc  defense  lors  d’unc  intrusion  nc  pour- 
raient  etre  envisagtfc,  par  principe,  que  par  un  vdhiculc 
disposant  dc  fortes  capacitds  dc  p6ni5tralion  ct  d'un  long  rayon 
d’ action. 


Ccs  missions,  qui  nc  pciivcnt  pas  etre  corrcctcmcnt  accomplics 
aujourd’hui,  pourraient  6trc  coiivcrtcs  cout  modcri5  par  un  dro¬ 
ne  hypersonique. 

Un  radar  h  syntli&sc  d’oiiverturc  devrait  constitucr  Tequipc- 
menl  dc  base  pour  la  reconnaissance  tons  temps.  L’cmploi 
altcrnatif  (dquipement  modiilairc)  ou  bimodc  (synergic),  dc 
rimagcric  passive  est  dgalemcnt  possible,  mais  son  potentici 
est  limitd  nolammcnt  par  le  calibre  du  vdhiculc,  qui  fixe  la 
taillc  maximale  dcs  pupillcs  qui  peuvent  etre  intcgrdcs. 


II  est  vraiscmblablc  qii’un  vdhiculc  dc  taillc  moderde  (6  h  8m), 
employd  sous  avion  d’armc  ou  depuis  un  gros  porteur,  pourrait 
offrir,  pour  le  rcnscigncmcnt  stratdgiquc,  un  excellent  compro- 
mis  entre  I’adaptation  aux  besoins  opdrationncls  el  les  cofils  dc 
ddveloppcmcnts. 
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1.  ABSTRACT 

This  paper  describes  experiences  with  five  remotely  piloted 
flight  research  vehicle  projects  in  the  developmental  flight  test 
phase.  These  projects  include  the  Pathfinder,  Perseus  B,  Altus, 
and  X-36  aircraft  and  the  Highly  Maneuverable  Aircraft  Tech¬ 
nology  (HiMAT).  Each  of  these  flight  projects  was  flown  at 
the  NASA  Dryden  Flight  Research  Center,  With  the  excep¬ 
tion  of  the  HiMAT,  these  projects  are  a  part  of  the  Flight 
Research  Base  Research  and  Technology  (R&T)  Program  of 
the  NASA  Aeronautics  and  Space  Transportation  Technology 
Enterprise.  Particularly  with  respect  to  operational  interfaces 
between  the  ground-based  pilot  or  operator,  this  paper  draws 
from  those  experiences,  then  provides  some  rationale  for 
extending  the  lessons  learned  during  developmental  flight 
research  to  the  possible  situations  involved  in  the  developmen¬ 
tal  flights  proceeding  deployed  uninhabited  tactical  aircraft 
(UTA)  operations.  Two  types  of  UTA  control  approaches  are 
considered:  autonomous  and  remotely  piloted.  In  each  of  these 
cases,  some  level  of  human  operator  or  pilot  control  blending 
is  recommended.  Additionally,  “best  practices”  acquired  over 
years  of  piloted  aircraft  experience  are  drawn  from  and 
presented  as  they  apply  to  operational  UTA. 

2.  INTRODUCTION 

This  paper  describes  experiences  with  five  NASA-sponsored 
uninhabited  flight  research  vehicle  projects  in  the' developmen¬ 
tal  flight  test  phase.  The  intent  is  to  draw  some  insights  from 
this  set  of  experiences  that  might  apply  to  operational  concepts 
for  uninhabited  tactical  aircraft  (UTA).  Lessons  learned  from 
these  experiences  may  have  more  applicability  to  the  develop¬ 
mental  flight  test  phase  of  operational  vehicles,  but  such 
application  requires  special  attention  as  new  air  combat  tactics 
involving  UTA  emerge.  Following  the  descriptions  and  char¬ 
acterization  of  the  five  projects,  some  suggestions  are  made  for 
future  operational  systems,  and  a  set  of  “best  practices” 
is  offered. 

3.  GENERIC  CATEGORIZATION  OF  REMOTELY- 
PILOTED  VEHICLES 

As  a  start,  an  attempt  is  made  to  set  out  useful  generic  catego¬ 
rizations  that  span  the  five  flight  projects.  The  first 
categorization  is  more  of  a  reminder  that  the  project  experienc¬ 
es  come  from  the  developmental  testing  phase.  Having 
development  testing  and  operational  deployment  experiences 
would  have  been  good,  but  only  development  testing  was 
within  scope  of  these  flight  research  projects. 

One  important  variation  between  projects  pertains  to  the 
amount  and  type  of  human  interaction  involved  in  controlling 
the  aircraft.  High  bandwidth  of  interaction  up  to  rigid-body 
frequencies  is  characterized  as  “remotely  piloted.”  Low  band¬ 
width  of  control,  to  the  point  of  infrequent  human  interactions, 


tends  toward  “autonomous.”  Note  that  reaching  l(X)-percent 
autonomy  was  not  an  objective  of  these  five  projects. 

Other  generic  categories  involve  the  amount  of  system  redun¬ 
dancy  and  the  action  taken  to  constrain  public  exposure  in  the 
event  of  catastrophic  failure.  All  five  vehicles  are  recovered 
through  conventional  horizontal  landing.  The  launch  methods 
are  either  horizontal  takeoff  or  air  launched.  A  characteristic 
of  any  of  these  developmental  testing  projects  is  that  the  vehi¬ 
cles  must  stay  within  the  test  range.  For  piloted  aircraft,  the 
requirement  to  stay  within  the  test  range  can  be  met  almost  by 
assumption.  For  an  uninhabited  vehicle,  however,  assurance 
of  positive  control  with  respect  to  the  test  range  boundaries, 
even  after  major  system  failures,  becomes  a  dominant  require¬ 
ment.  Thus,  one  of  the  key  descriptors  in  characterizing  the 
various  flight  vehicles  is  by  their  approach  to  either  backup 
recovery  or  flight  termination.  Related  is  their  approach  to 
systems  redundancy. 

4.  DEVELOPMENT  TESTING  EXPERIENCE 

Figure  1  lists  the  projects  in  order  of  increasing  airspeed.  The 
Pathfinder,  Perseus  B,  Altus,  and  X-36  vehicles  are  part  of  the 
NASA  Flight  Research  Base  Research  and  Technology  (R&T) 
Program.  These  vehicles  are  currently  flying  or  have  been 
flown  at  Dryden  Flight  Research  Center,  Edwards,  California. 


Figure  1.  Vehicle  projects  in  order  of  increasing  air¬ 
speed. 


The  first  three  are  members  of  the  Environmental  Research 
Aircraft  and  Sensor  Technology  (ERAST)  set  of  projects. 
Pathfinder  is  a  solar-powered  very  high-flying  airplane.  The 
Perseus  B  and  Altus  are  high-altitude,  slow-flying,  consum¬ 
able  fuel  aircraft.  These  aircraft  are  designed  for  uninhabited 
aircraft  operational  applications.  The  X-36  and  HiMAT  (High¬ 
ly  Maneuverable  Aircraft  Technology)  differ  because  they  are 
subscale,  remotely  piloted  vehicles  which  are  representative  of 
hypothetical,  full-scaled,  inhabited  vehicles.  These  subscale 
vehicle  designs  are  probably  different  than  they  would  have 
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been  if  there  were  no  intent  to  have  them  up-scaleaWc  to  pilot¬ 
ed  versions.  With  one  exception  these  five  vehicles  are  cur¬ 
rently  being  flown.  The  last  flight  of  the  HiMAT  occurred 
nearly  2  decades  ago;  therefore,  those  flights  used  technology 
that  is  antiquated  by  today’s  standards.  However,  important 
lessons  involving  vehicles  with  supersonic  capabilities  were 
learned.  Remembering  such  lessons  would  prove  helpful  at 
this  point.  The  HiMAT  test  results  and  a  program  assessment 
overview  are  provided  in  reference  1 . 

4.1  Pathfinder 

The  solar-powered  Pathfinder  was  designed,  built,  and  operat¬ 
ed  by  AeroVironment,  Incorporated,  Monrovia,  California.  It 
takes  off  horizontally  and  flics  at  very  low  airspeed 
(16.6  kias)  throughout  its  mission.  Pathfinder  has  a  wingspan 
of  KX)  ft,  has  wing  chord  of  8  ft,  and  weighs  570  lb.  The  flight 
control  systems  have  triplex  redundancy  for  the  sensors  and 
duplex  computers.  Emergency  positive  recovery  is  by  way  of  a 
off-center  drag  chute  which  initiates  a  helical  decent.  This 
flight  program  is  in  the  developmental  flight  test  phase.  Oper¬ 
ator  interface  is  by  way  of  a  joy.stick  through  an  automatic  pilot. 

Figure  2  shows  the  Pathfinder.  Flights  under  NASA  sponsor¬ 
ship  occurred  from  1995  to  1997.  The  most  notable  accom¬ 
plishment  is  the  setting  of  the  World  Altitude  Record  for 
propeller-driven  aircraft  of  71,500  ft  on  July  7,1997.  Further 
information  is  available  in  reference  2. 
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Figure  2.  Pathfinder  solar-powered  aircraft. 

4.2  Perseus  B 

The  Perseus  B  was  designed,  built,  and  operated  by  Aurora 
Flight  Sciences  Corporation,  Manassas,  Virginia  (figure  3), 
This  pusher-prop,  high-altitude,  remotely  piloted  aircraft  takes 
off  and  lands  horizontally.  The  Perseus  B  is  26.2  ft  long,  has  a 
58.6-ft  wingspan,  and  weighs  2700  lb.  Its  maximum  airspeed 
is  80  knots,  and  the  flight  control  system  is  simplex.  Emergen¬ 
cy  positive  recovery  makes  use  of  a  termination  chute. 
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Figure  3.  Perseus  B  in  flight. 


Flight  activity  was  from  1994  to  1996,  with  a  premature 
ending  to  the  flight  series  because  of  a  mish.ap.  Lessons 
learned  from  that  mishap  arc  presented  in  referenee  3.  Com¬ 
pletion  of  the  envelope  expansion  is  planned  for  1998. 

4.3  Altus 

The  Altus  was  designed,  built,  and  operated  by  General  Atom¬ 
ics  Aeronautical  Systems,  Incorporated.  San  Diego,  California 
(figure  4).  The  Altus  I  is  based  on  Predator  and  uses  a  single 
turbocharger;  whereas,  the  Altus  II  uses  a  dual  turbocharger. 
The  Altus  is  21.8  ft  long,  has  a  .56.3-ft  wingsp.an,  and  weighs 
1632  lb.  Its  maximum  airspeed  is  100  knots,  and  systems 
redundaney  is  duplex.  Baekup  recovery  is  through  a  Global 
Positioning  System  (GPS)  way-point  loiter.  A  termination 
chute  deploys  if  the  way-point  loiter  docs  not  work.  Operator 
interface  is  through  a  head-up  display  (HUD),  with  forward- 
looking  camera.  Control  inputs  are  through  stiek  and  rudder 
pedals. 


Figure  4.  Altus  in  flight. 


Flight  testing  began  in  1996  and  continued  into  1998.  Achiev¬ 
ing  a  maximum  altitude  of  65,000  ft  is  planned  for  later 
in  1998. 

4.4  X-36  Aircraft 

Figure  5  shows  the  X-36  aircraft.  Ttiis  remotely  piloted 
vehicle  was  designed,  built,  and  operated  by  the  Boeing  Phan¬ 
tom  Works,  St.  Louis,  Missouri.  This  airplane  is  powered  by  a 
Williams  Research  FI  12  turbojet.  The  NASA  Ames  Research 
Center.  Mountain  View,  California,  provided  management  and 
strong  technical  contributions,  and  NASA  Drydcn  provided 
flight  facilities  and  operational  support. 
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Figure  5.  X-36  in  flight. 

The  X-36  is  18  ft  long,  has  a  10-ft  wingspan,  and  weighs 
12701b.  This  vehicle  takes  off  and  lands  horizontally,  has 
flown  to  a  airspeed  of  200  knots,  has  a  simplex  flight  control 
system,  and  is  equipped  with  a  parachute  emergency  recovery 
system.  Pilot  interface  eonsists  of  proportional  commands  to 
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the  flight  control  system  through  stick  and  rudder  pedals.  A 
very  advanced  HUD  is  used  with  additional  features  to  make 
piloting  from  a  ground-based  cockpit  an  effective  control 
mechanism. 

This  aircraft  is  in  the  developmental  flight  test  phase.  Flights 
began  in  the  spring  of  1997  and  ended  before  the  end  of  that 
year.  Thirty-one  flights  have  occurred,  and  no  significant 
problems  were  encountered.  All  program  objectives  were  met 
or  exceeded.  Further  information  is  available  in  references  2 
and  4. 

4.5  HiMAT 

Figure  6  shows  the  HiMAT.  This  remotely  piloted  vehicle 
differs  from  the  other  aircraft  described  in  this  paper  because  it 
was  air  launched  from  a  B-52  aircraft.  However,  it  landed 
horizontally  in  a  manner  similar  to  the  Pathfinder,  Perseus  B, 
Altus,  and  X-36  aircraft.  This  aircraft  was  designed,  built,  and 
operated  by  the  North  American  Aviation  Division  of  Rock¬ 
well,  Incorporated,  El  Segundo,  California.  The  flight  control 
system  used  a  ground-based  computer  interlinked  with  the 
aircraft  through  an  uplink  and  downlink  telemetry  system.  An 
onboard  backup  flight  control  system  had  duplex  redundancy. 
The  maximum  airspeed  attained  was  400  knots.  The  HiMAT 
is  23.5  ft  long,  has  a  15.6-ft  wingspan,  and  weighs  3428  lb. 
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Figure  6.  HiMAT  remotely  piloted  aircraft  in  flight. 


From  1979  to  1982,  26  flights  were  accomplished.  The 
HiMAT  program  was  completed  without  any  loss  of  vehicles. 

The  pilot’s  interface  used  proportional  stick  and  rudder  pedals 
for  control,  with  inputs  commanding  the  computer  in  the 
primary  flight  control  system.  Pilot  displays  were  quite  crude. 
Conventional  instrument  panel  gauges  were  used  and  a 
forward-looking  camera  served  as  the  source  for  a  cathode-ray 
tube  display.  Neither  a  HUD  nor  an  imbedded  symbology  on 
the  cathode-ray  tube  display  were  used.  Further  information  is 
available  in  references  1  and  5. 

5.  LESSONS  LEARNED 

Because  experiences  described  here  were  gained  with  devel¬ 
opmental  aircraft,  suggestions  regarding  future  UTA  systems 
are  being  limited  to  developmental  aircraft.  These  suggestions 
are  grouped  into  matters  pertaining  to  control  approach  and 
matters  affecting  vehicle  design  tradeoffs. 


5.1  Vehicle  Control  Approach 

On  one  extreme,  vehicle  control  approach  can  involve  a  human 
operator  (pilot)  tightly  coupled  into  the  control  loop.  At  the 
other  extreme,  the  vehicle  can  be  completely  separate  from  hu¬ 
man  interaction  (autonomous  control).  For  operationally 
deployed  vehicle  systems,  the  design  might  draw  from  the  full 
range  of  possibilities  in  vehicle  control  approach.  For  develop¬ 
mental  vehicle  systems,  some  level  of  human  interaction  is  rec¬ 
ommended,  even  for  the  autonomous  systems.  Some 
considerations  for  this  range  of  approaches  are  given  in  the  Re¬ 
motely  Piloted  Control  and  Autonomous  Control  subsections. 

5.1.1  Remotely  Piloted  Control 

Uninhabited  vehicles  controlled  by  remote  pilots  depend  on 
the  pilots  being  well  informed  on  the  complete  situation  per¬ 
taining  to  the  vehicle  and  mission.  In  a  ground-based  remote 
cockpit,  the  primary  sources  of  information  for  the  operator  or 
pilot  are  presented  in  visual  displays  or  through  audio  means. 
The  following  subsections  on  visual  cues  and  audio  cues 
address  these  forms  of  information  transfer. 

Visual  Cues 

Cockpit  design  is  critical,  particularly  with  respect  to  visual 
displays.  Situational  awareness  should  be  as  complete  as  with 
an  inhabited  aircraft.  This  awareness  should  be  maintained 
even  with  the  absence  of  motion  cues.  As  a  result,  extra  care 
should  be  taken  to  supplement  the  standard  displays  with  addi¬ 
tional  cues  that  can  provide  the  missing  information. 

Audio  Cues 

Audio  cues  from  an  onboard  microphone  can  provide  impor¬ 
tant  additional  information.  For  the  X-36  aircraft,  such  a  cue 
was  provided  to  the  remote  pilot.  Cues  allowed  identification 
of  some  anomalous  engine  operations  early  in  the  X-36 
project.  This  timely  identification  prevented  difficulties  which 
could  have  reasonably  been  expected  to  occur  if  corrective 
action  not  been  taken. 

5.1.2  Autonomous  Control 

Uninhabited  vehicles  designed  for  autonomous  control  should 
provide  some  means  of  oversite  by  a  human  operator  and  lim¬ 
ited  interaction.  During  developmental  testing,  an  increased 
capability  for  human  interaction  is  usually  beneficial.  Two 
desirable  attributes  of  the  system  design  include  blending  of 
human  interaction  and  graceful  assumption  of  control  by 
the  human. 

Provide  for  Limited  Human  Blending 
In  nearly  all  cases,  the  ability  to  blend  human  control  with 
automation  should  be  provided.  Even  for  systems  intended  for 
fully  autonomous  operational  deployments,  during  the  early 
stages  of  developmental  tests,  the  human  ability  to  react  to 
unforeseen  circumstances  can  only  be  used  if  this  system 
allows  for  human  input.  A  system  designed  with  the  possibili¬ 
ty  of  human  control  blending  must  provide  sufficient  useful 
information  displayed  to  the  human  such  that  timely  monitor¬ 
ing  and  control  can  take  place.  This  inclusion  of  the  human 
yields  a  system  design  with  improved  robustness;  therefore, 
the  likelihood  of  such  a  system  being  successful  in  its  devel¬ 
opmental  testing  is  greatly  increased. 

Ensure  Graceful  Assumption  of  Control 
With  human  blending  capabilities,  the  system  should  provide 
for  graceful  assumption  of  control  by  the  human  operator. 
Displays  must  be  sufficient  to  provide  dynamic  information 
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such  that  the  human  can  begin  to  make  control  inputs  without 
being  out  of  phase  with  the  vehicle  response. 

5.2  Vehicle  Design  Tradeoffs 

At  the  time  of  vehicle  design  tradeoffs,  assessments  should  be 
made  relative  to  the  full  range  of  human  operator  involvement 
in  vehicle  control.  Considerations  should  encompass  (1)  the 
degree  to  which  large  uncertainty  in  vehicle  environment 
might  be  encountered  and  (2)  the  necessity  to  overfly 
populated  areas. 

5.2.1  Managing  Uncertainty  in  Vehicle  Environment 
Uncertainty  in  vehicle  environment  can  occur  when  the 
operational  environment  departs  from  the  better  controlled  test 
environment.  It  also  occurs  when  the  mathematical  models  of 
the  vehicle  environment  inadequately  represent  the  actual 
flight  environment. 

Human  interaction  will  typically  be  required  when  the  degree 
of  departure  from  prior  experience  at  the  vehicle  configuration 
level  becomes  large.  Thus,  an  unusual  aerodynamic  configura¬ 
tion  is  more  likely  to  require  human  operator  intervention  dur¬ 
ing  the  te.st  program  than  a  more  conventional  aerodynamic 
configuration. 

When  the  complexity  of  the  mathematical  models  and  systems 
is  necessarily  great,  there  is  more  likely  an  increased  sensitivi¬ 
ty  to  vehicle  component  interactions.  If  some  interactions 
remain  unmodeled,  the  undesirable  impact  on  the  vehicle 
response  is  u.sually  increased.  Thus,  the  possibility  that  a 
human  operator  must  intervene  significantly  increases. 

When  the  individual  technologies  are  mature,  then  the 
integrated  set  packaged  as  a  vehicle  system  will  probably  yield 
well-behaved  characteri.stics.  The  corollary  to  this  situation  is 
when  some  included  technologies  lack  maturity,  a  greatly 
increased  need  for  human  operator  override  capabilities  in 
order  to  have  a  robust  sy,stem  in  the  face  of  environmental  un¬ 
certainties  results. 

5.2.2  Testing  Beyond  Restricted  Range 

When  te,sting  extends  outside  of  protected  range,  the  public 
exposure  to  mishaps  must  be  considered.  Human  operator 
capability  may  play  an  important  role  in  minimizing  public 
exposure. 

6.  BEST  PRACTICES 

In  many  ways,  best  practices  in  vehicle  design  which  were 
developed  over  many  years  of  piloted  aircraft  design  also 
apply  to  uninhabited  aircraft  design.  Attention  should  be  given 
the  overall  design  approach  (make  it  balanced)  and  to  the 
potential  role  of  the  human  operator  or  pilot.  These  two  topics 
are  addressed  in  the  Balanced  Design  Approach  and  Real- 
Time  Choices  subsections. 

6.1  Balanced  Design  Approach 

A  balanced  approach  should  be  taken  beginning  with  vehicle 
and  system  design,  regardless  of  vehicle  control  approach 
selected.  This  approach  should  apply  to  all  categories  of  spe¬ 
cialists,  including  pilots  and  flight  operations  personnel.  Inclu¬ 
sion  of  experienced  individuals  is  particularly  important 
during  the  design  phase  of  autonomous  vehicles.  Care  should 


also  be  taken  to  include  all  steps  in  vehicle  checkout,  especial¬ 
ly  the  inclusion  of  a  full  set  of  validation  tests. 

6.2  Real-Time  Choices 

A  pilot  or  operator  can  provide  high-quality,  high-integrity, 
real-time  choices  (i.e.,  decide  whether  or  not  to  intervene)  on 
matters  which  may  be  overlooked  or  arc  difficult  to  foresee 
during  the  design  phase.  This  decision  making  can  only  be 
translated  into  value  to  the  program  if  the  design  incorporates 
sufficient  capabilities  for  the  pilot  or  operator  to  assess  system 
performance.  A  blended  input  for  corrective  action  by  the 
pilot  or  operator  should  also  be  incorporated. 

Such  capabilities  should  be  favored  when  uncertainties  in 
vehicle  modeling  are  high.  As  a  note  of  caution,  the  benefits 
that  can  be  accrued  by  such  features  arc  likely  to  be  understated 
or  missed  in  cost-benefit  tradeoffs  because  of  the  difficulties  in 
translating  off-nominal  orunmodclcd  situations  into  numbers. 

7.  CONCLUDING  REMARKS 

The  m.ajority  of  the  flight  experience  in  uninhabited  vehicles 
obtained  at  NASA  Drydcn  Flight  Research  Center  has 
involved  low-speed  developmental  vehicles.  The  exception, 
the  Highly  Maneuverable  Aircraft  Technology,  occurred  2  de¬ 
cades  ago  when  many  of  the  technologies  that  arc  now  taken 
for  granted  were  still  promises  for  some  time  in  the  future. 

The  extension  of  lessons  learned  from  those  flight  experiences 
to  the  high  speeds  and  operational  deployments  anticipated  in 
future  uninhabited  tactical  aircraft  should  be  done  c.autiously. 
Furthermore,  extending  lessons  learned  from  developmental 
testing  (as  these  all  were)  to  operational  deployments  is  an 
additional  major  step  in  application.  These  extensions  should 
also  be  done  with  care. 

Finally,  the  adoption  of  best  practices  acquired  over  years  of 
piloted  aircraft  experience  should  be  an  important  part  of  the 
design  process  followed  by  all  uninhabited  tactical  aircraft 
design  teams. 
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1.  SUMMARY 

This  paper  provides  an  overview  of  some  of  the 
challenges  facing  the  use  of  UAV  in  combat  roles. 
Offensive  roles  are  identified  and  the  suitability  of 
UAV  for  these  discussed.  The  use  of  UAV  for 
surveillance,  target  acquisition  and  reconnaissance  is 
acknowledged  as  well  established,  the  roles  involving 
weapon  delivery  are  less  defined.  The  limitations  on 
using  UAV  in  combat  roles  are  not  seen  dominantly  as 
technical  but  more  operational.  The  need  to  define  the 
concept  of  operations  for  using  UAV  in  combat  is 
considered  vital.  Simulation  is  advocated  to  establish 
the  viability  of  combat  UAV  concepts,  conduct 
performance  trade-off  studies  and  to  develop 
appropriate  partitioning  of  control  and  decision  making. 
Manned  and  un-manned  platforms  are  seen  as  being 
complementary  for  the  foreseeable  future  with  UAV 
freeing  up  the  manned  platforms  enabling  them  to 
undertake  the  roles  needing  flexibility.  The  major 
challenge  is  seen  as  establishing  an  environment  in 
which  both  manned  and  un-manned  platforms  can  work 
together  effectively  and  safely. 

2,  INTRODUCTION 

The  word  “change”  is  possibly  one  of  the  most 
frequently  used  words  in  modern  times.  We  live  in  an 
era  which  has  seen  major  changes  in  the  last  200  years. 
For  those  of  us  in  the  Defence  business  we  are 
particularly  aware  of  the  changes  which  have  taken  place 
since  the  end  of  the  cold  war.  We  are  more  concerned 
these  days  with  the  concepts  of  “operations  other  than 
war”,  “peace  support”  and  “coalition  operations”, 
scenarios  which  30  years  ago  were  almost  minor 
considerations.  We  do  not  forget,  however,  the  Gulf 
war  and  recognise  that  the  world  is  still  a  very  unstable 
place  in  which  military  operations  are,  sadly  only  too 
common.  Offensive  air  operations  need  to  be 
considered  in  this  changing  world,  it  is  all  too  easy  for 
us  still  to  consider  large  scale  war  as  the  only  scenario 
for  offensive  operations. 


Changes  in  technology  have  also  been  dramatic,  driven 
in  the  last  fifty  years  by  the  cold  war,  the  space  race  and 
more  recently  by  the  information  explosion  brought 
about  by  computing  and  communications  advances.  The 
technology  advances  particularly  in  processing, 
software,  communications,  control  and  sensor  systems 
have  dramatically  improved  un-manned  air  vehicle 
(UAV)  capabilities. 

Un-manned  air  vehicles  (UAV)  have  been  a  part  of  the 
military  research  scene  almost  since  aviation  began. 

Few  reached  operational  service  and  less  did  so  with 
much  distinction,  however  that  situation  has  changed. 
The  use  of  UAV  in  Israel,  Pioneer  in  the  Gulf  and  more 
recently  and  publicly  the  use  of  Predator  in  Bosnia  has 
shown  there  is  a  real  contribution  to  be  made  by  UAV  in 
modern  warfare.  The  primary  use  of  UAV  has  been  in 
the  surveillance  role.  This  paper  considers  the  use  of 
UAV  in  military  operations  with  particular  reference  to 
offensive  operations.  In  this  context  offensive 
operations  covers  the  whole  spectrum  of  operations 
from  the  attack  of  hard  targets  in  a  war  situation  through 
to  attack  of  artillery  in  peace  support. 

The  “challenge”  in  the  title  of  this  paper  refers  to  both 
the  challenges  which  face  the  military  operator  in  the  use 
of  UAV  and  the  potential  challenge  to  the  use  of 
manned  aircraft  posed  by  the  use  of  UAV. 

3.  MILITARY  OPERATIONS 

3.1  Air-To-Ground 

It  has  been  customary  to  describe  offensive  air 
operations  in  categories  such  as  ; 

Airborne  interdiction  (AI) 

Offensive  counter  air  (OCA) 

Close  air  support  (CAS) 

Battlefield  air  interdiction  (BAI) 

Suppression  of  enemy  air  defence  (SEAD) 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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It  is  important  for  the  military  researcher  to  recognise 
that  the  weapons  system  being  considered  has  to  be 
evaluated  for  its  effectiveness  against  the  military 
objective  and  this  is  more  readily  apparent  if  the  system 
is  considered  in  terms  of  its  military  function.  Defence 
research  within  UK  has  been  structured  around  military 
functions  for  a  number  of  years  into  Research  Packages 
which  deal  with  particular  functions  to  ensure  the 
research  is  judged  in  terms  of  its  improvement  to  the 
military  capability  not  just  improvement  to  technology. 
For  this  paper,  however,  I  will  consider  the  offensive 
role  based  more  on  targets  than  on  the  operational 
categories.  This  reflects  the  utility  of  UAV  and 
illustrates  the  significance  of  the  diversity  of  conflicts  in 
which  UAV  could  be  deployed. 

The  offensive  targets  can  be  categorised  as  follows : 

Air-to-ground 

fixed  targets 
short  dwell  time  targets 
mobile  targets 
SEAD  targets 

Within  the  air-to-ground  category  there  arc  sub 
categories  relating  to  the  hardness  of  the  target,  for 
example  very  hard  buried  targets  or  relatively  soft 
buildings,  armour  or  soft  skinned  vehicles. 

Categorising  by  target  is  not  sufficient.  A  tank  in  a 
school  yard  is  a  very  different  target  to  a  tank  in  a  group 
in  an  open  desert  or  camouflaged  at  the  edge  of  a  wood. 
The  term  being  more  commonly  used  to  describe  the 
target  is  “target  situation”.  The  definition  of  the  target, 
where  it  is  in  relation  to  other  features,  particularly 
civilian  ones  is  vital  for  peace  support  and  similar 
operation  where  the  risk  of  collateral  damage  has  to  be 
assessed  in  planning  the  mission. 

3.2  UAV  role 

Having  identified  there  is  a  wide  spectrum  of  target 
situations,  the  next  consideration  is  the  role  UAV  can 
play  in  the  attack  of  targets  within  a  given  situation 

UAV  Roles  : 

Reconnaissancc/survcillancc 
Target  acquisition 
Target  designation 
Weapon  delivery 
Damage  assessment 
Data  relay 

Reconnaissance  and  surveillance  arc  the  dominant 
current  roles  for  UAV.  The  use  of  UAV  for  surveillance 
is  accepted  as  a  vital  part  of  offensive  missions  and  this 
role  has  been  widely  reported. 


Target  acquisition  extends  the  reconnaissance  role  to 
enable  targets  to  be  detected,  recognised  and  their 
locations  passed  to  planning  cells  for  prosecution  of 
attack.  This  is  the  first  opportunity  to  consider  the  more 
aggressive  use  of  the  UAV.  Having  a  UAV  platform  in 
the  vicinity  of  the  target  opens  the  possibility  that  the 
UAV  could  designate  the  target  for  attack  by  a  weapon 
delivered  by  an  offensive  aircraft.  Taking  the  argument 
one  step  further  the  UAV  itself  could  carry  the  weapon 
or  designate  for  a  weapon  delivered  from  another  UAV. 
The  replacement  of  manned  aircraft  as  weapons  delivery 
platforms  then  becomes  a  logical  extrapolation  of 
current  UAV  usage. 

Having  delivered  the  weapons  it  is  vital  th.at  the  damage 
inflicted  is  assessed,  for  key  targets  rapid  re-attack  may 
be  required.  In  this  category  of  post  attack 
reconnaissance,  UAV  arc  potentially  well  suited  to 
replacing  manned  aircraft  for  tactical  reconnaissance. 

The  information  from  reconnaissance  a.sscts  needs  to  be 
available  to  the  assessors  and  planners.  This 
information  may  well  be  generated  by  platforms  beyond 
line  of  sight  of  the  intended  recipient  and  the  u.sc  of 
data  relays  is  a  powerful  role  for  UAV  when  satellite 
based  assets  arc  not  available. 

Of  the  roles  indicated  above,  it  is  the  weapon  direction 
and  deliver)’  roles  which  arc  the  most  challenging. 

3.3  Air  combat  operations 

Perhaps  the  most  controversial  use  of  the  UAV  is  in  air- 
to-air  combat  which  is  viewed  by  some  as  science 
fiction  or  at  least  so  far  into  the  future  as  not  to  warrant 
serious  consideration  at  present.  Potential  roles  arc 
unmanned  escort  for  penetrating  platforms,  unmanned 
escorts  supporting  large  fixed  wing  assets  such  as 
airborne  early  warning  or  surveillance  command  and 
control  aircraft  or  fighters  in  offensive  and  defensive 
roles  such  as  combat  air  patrol. 

There  arc  really  two  drivers  which  support  the  ease  for 
unmanned  air  combat  aircraft.  The  first  is  long 
endurance  for  situations  in  which  manned  aircraft  would 
be  unable  to  sustain  effective  operation,  the  other  is 
survivability.  In  this  latter  ease  the  unmanned  aircraft 
should  have  an  extended  performance  envelope  not 
constrained  by  the  physical  limitations  of  a  pilot  which 
can  endow  the  platform  with  greater  survivability  in  air 
combat.  Reduced  cost  is  potentially  also  a  factor  in  the 
use  of  UAV  in  combat. 


4.  STATUS  OF  TECHNOLOGY 

Above  I  have  outlined  potcnti.al  roles  for  UAV  in 
comkat.  The  advanced  cruise  missiles  available  today 
demonstrate  the  ability  to  control,  navigate  and  deliver 


15-3 


weapons  autonomously  to  precise  targets.  Air  combat 
aircraft  exploit  high  manoeuvre  capabilities  through 
advanced  digital  flight  control  systems  to  give  a 
capability  pilots  could  not  hope  to  achieve  through 
manually  controlled  flight.  There  are  issues  as  to  how 
far  one  can  push  aspects  of  the  teehnology,  for  example: 
Is  the  ultimate  manoeuvrability  limited  by  the  propulsion 
system  ?  In  general  it  is  reasonable  to  assume  combat 
UAV  platforms  can  be  designed  at  moderate  risk. 

Environmental  factors  can  still  give  difficulties, 
particularly  for  smaller  UAV.  The  operational 
requirements  will  determine  whether  “all  weather”  or 
“adverse  weather”  capabilities  are  needed.  In  either 
case  the  risks  of  icing  dictates  the  use  of  robust  anti¬ 
icing  systems  which  still  provide  a  considerable  problem 
for  the  designer.  The  ability  to  accommodate  high  wind 
during  the  mission,  at  takeoff/launch  and 
landing/recovery  is  a  system  design  driver.  Potentially 
the  most  significant  environmental  factor  is  the 
“visibility”  of  sensor  systems.  High  resolution  imaging 
infra-red  (HR)  sensors  are  capable  of  excellent  imagery 
but  are  limited  in  range  by  adverse  atmospheric 
conditions.  All  weather  operation,  especially  from 
altitude  dictates  the  use  of  radar,  dominantly  synthetic 
aperture  (SAR)  for  ground  targets  with  moving  target 
indication  (MTI)  for  use  against  mobile  targets. 
Technology  is  pushing  the  size  down  and  capability  up 
for  these  radar  systems  but  for  target  recognition  the 
higher  resolution  HR  is  more  effective  in  situations 
where  range  is  not  an  issue. 

Although  there  are  technology  risks  associated  with  the 
use  of  UAV  in  combat,  which  will  need  to  be  overcome, 
it  is  considered  in  future  the  underpinning  technology  is 
likely  to  pose  less  of  a  risk  than  the  system  and 
operational  issues. 

5.  UAV  AS  WEAPON  PLATFORMS. 

I  have  outlined  above  potential  roles  for  UAV  in 
offensive  operations.  The  operations  given  are  currently 
conducted  by  manned  aircraft,  why  therefore  consider 
using  UAV  for  these  roles?  It  is  suggested  the  benefits 
offered  by  UAV  which  influence  their  use  in  any 
particular  role  are  : 

increased  survivability 
reduced  aircrew  risk 
longer  endurance 
supports  high  tempo  operations 
reduced  cost 

On  the  negative  side  UAV  are 

less  flexible 
less  intelligent 

vulnerable  to  eountermeasures 


limited  by  rules  of  engagement 
less  well  understood 

From  these  considerations  the  attraction  for  the  use  of 
UAV  in  combat  lie  in  ; 

situations  where  there  is  high  risk  to  aircrew  - 
high  is  relative  to  the  conflict,  the  loss  of  even 
one  airman  may  be  politically  unacceptable  in 
peace  keeping  operations 

high  threat  environments  and 

a  need  to  be  free  of  the  physical  limitations 
imposed  by  the  aircrew. 

The  use  of  UAV  in  the  SEAD  role  is  a  typical  example 
of  a  high  threat  environment  and  one  in  which  it  may 
well  be  advantageous  to  be  able  to  maintain  a  long  term 
presence.  Similarly  the  location  and  attack  of  short 
dwell  time  high  value  targets  is  a  role  potentially  well 
suited  to  the  UAV. 

Less  well  defined  are  the  roles  involving  the  attack  of 
fixed  targets.  In  this  context,  in  addition  to  attack  from 
manned  aircraft,  there  is  a  trade  off  between  the  use  of 
UAV  and  the  use  of  stand-off  missiles  either  surface  or 
air  launched.  This  trade  off  is  a  function  of  the  threat, 
target  situation,  platform  payloads  and  operational 
factors.  The  use  of  UAV  against  fixed  targets  has  yet  to 
be  established  as  an  efficient  option.  The  use  of  UAV 
for  mobile  attack  is  considered  in  Reference  1 . 

For  target  situations  where  there  is  high  risk  of 
unacceptable  collateral  damage,  for  example  in  peace 
support,  it  is  suggested  that  the  need  for  a  man  in  the 
cockpit  will  remain  for  the  foreseeable  future. 

Consideration  of  the  relative  issues  associated  with  the 
use  of  UAV  in  combat  it  is  clear  that  there  are  roles 
which  UAV  can  perform  and  these  are  in  the  main  the 
most  hazardous  roles  such  as  SEAD.  There  are  other 
roles  where  UAV  complement  the  use  of  manned 
aircraft  depending  on  target  situation. 

There  is  a  lack  of  understanding  of  how  manned  and 
unmanned  aircraft  could  work  together  in  missions. 
There  are  the  obvious  air  space  management  issues 
which  need  to  be  addressed  wherever  UAV  are  to  be 
operated  but  co-operation  requires  more  than  this. 
Manned  operations  are  performed  by  teams  who  have 
the  benefit  of  shared  training,  mutual  understanding  and 
a  high  level  of  communieation.  Manned  operations  in 
conjunction  with  missiles  are  straightforward  in  so  much 
as  the  missile  is  largely  pre-programmed  to  undertake  a 
particular  task,  UAV  will  differ  in  this  respect  in  that 
they  will  have  a  level  of  autonomy  and  some  decision 
making  powers.  This  decision  making  has  to  be 
integrated  into  the  offensive  “team”. 
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To  illustrate  some  of  the  issues  which  arise  from  UAV 
delivering  weapons  consider  the  following  control 
concepts: 

Remotely  piloted  vehicles 

Outer-loop  remote  control 

Task  controlled 

Autonomous  with  over-ride 

At  its  simplest  level  a  combat  UAV  could  be  totally 
controlled  as  a  remotely  piloted  vehicle  flown  by  a 
remote  pilot  with  a  joystick.  This  approach  was  used  in 
early  UAV  used  for  surveillance  but  has  largely  been 
superseded  by  increasing  autonomy  within  the  vehicle. 

It  is  suggested  the  demands  on  the  data  link,  operator 
workload,  the  need  for  an  extremely  high  level  of 
situation  awareness  and  pilot  skill  make  this  impractical 
for  virtually  all  combat  situations. 

The  outer  loop  control  situation  is  one  in  which  the 
vehicle  has  an  autopilot  system  controlling  the  vehicle 
with  high  level  direction  being  given  by  the  remote  pilot. 
Direction  could  be  in  the  form  of  waypoints.  All 
weapon  delivery  would  be  under  the  total  control  of  the 
remote  pilot  in  terms  of  target  confirmation  from  sensor 
data,  delivery  authority  and  post  delivery  actions.  A 
high  integrity  wide  bandwidth  data  link  has  to  be 
maintained  at  the  critical  phase  of  the  mission.  High 
quality  imagery  is  required  by  the  operator. 

A  task  controlled  UAV  would  be  akin  to  a  re-usable 
missile.  It  would  be  ta.skcd  to  engage  specific  targets 
and  given  the  authority  to  engage  them  autonomously 
(subject  to  pre-defined  confidence  limits  on  target 
recognition).  The  UAV  would  have  decision  making 
capability  which  would  enable  it  to  operate  without 
direct  communication  with  the  operator  at  the  time  of 
weapon  engagement.  This  gives  a  capability  which  is 
less  vulnerable  to  data  link  countermeasures,  terrain  and 
range  limitations.  It  docs  however  raise  the  issue  of 
rules  of  engagement. 

The  final  category  considered  is  the  autonomous  UAV 
which  could  be  sent  to  an  area  to  seek  targets,  for 
example  SEAD  targets.  The  extent  of  its  authority  to 
engage  these  could  be  determined  by  the  controller  and 
adapted  to  suit  the  circumstances.  This  generates  a 
system  which  is  highly  robust  against  data  link 
countermeasures  but  again  raises  the  issue  of  rules  of 
engagement. 

The  above  examples  do  not  cover  all  possibilities  but 
serve  to  show  there  is  a  direct  trade-off  between  the 
level  of  autonomy  given  to  the  UAV  and  the  demands 
on  the  data  link.  The  more  significant  issue  though  is 
the  extent  to  which  rules  of  engagement  will  dictate  the 
final  decision  to  engage  the  target  has  to  be  made  by  the 
operator  rather  than  the  UAV. 


A  further  aspects  which  arise  from  the  above  examples 
is  the  degree  of  situation  awareness  needed  by  the 
operator  to  ensure  a  successful  mission,  this  is  closely 
linked  to  the  extent  of  UAV  autonomy.  The  balance 
between  autonomous  control  by  the  vehicle  and  the  level 
of  operator  control  needs  to  be  c.stablishcd.  This 
balance  may  not  be  too  difficult  to  define  for  UAV 
operated  in  isolation  but  operation  in  conjunction  with 
manned  platforms  significantly  complicates  the 
situation.  The  issue  is  best  illustrated  in  the  air-to-air 
context.  In  the  .scenario  where  an  air-to-air  engagement 
involves  manned  aircraft  and  robotic  wing-men,  the 
crew  in  manned  aircraft  have  the  benefit  of  .shared 
training,  high  levels  of  communication  and  mutual 
understanding.  They  know  how  each  other  will  react 
and  rapidly  communicate  to  confirm  intentions.  The 
introduction  of  un  manned  platforms  into  this  scenario 
now  gives  greater  uncertainty  and  risk,  the  natural 
reaction  will  be  to  separate  the  manned  and  un  manned 
platforms  with  the  manned  platforms  being  re-active  to 
to  the  UAV  actions  rather  than  working  with  them.  At 
this  stage,  it  is  not  possible  to  quantify  the  processes  or 
manner  in  which  a  team  with  robotic  members  would 
operate  -  nor  indeed  its  effectiveness.  Intuitively  the 
introduction  of  highly  agile  platforms  prepared  to  accept 
higher  risks  will  dramatically  change  air  combat  in 
favour  of  the  UAV  operator,  however  this  has  yet  to  be 
substantiated  . 


6.  CONCEPT  EVALUATION 

To  understand  the  use  of  UAV  it  is  vital  that  a  concept 
of  operations  (CONOPS)  for  the  UAV  is  established  for 
each  role.  Without  this  it  is  not  possible  to  evaluate  the 
effectiveness  of  the  UAV  in  the  role  and  the  capability 
required  from  the  UAV.  As  staled  above  the  suitability 
of  UAV  for  combat  is  not  .so  much  technical  but 
operational,  because  technology  allows  it  to  be  done 
docs  not  make  a  concept  operationally  viable  or 
effective. 

Conventional  operational  analysis  and  studies  can  be 
undertaken  to  evaluate  the  role  of  UAV  in  conflicts  but 
other  techniques  arc  required  to  establish  the  concept  of 
operations  and  to  address  issues  such  as  the  level  of 
autonomy  to  be  given  to  UAV. 

Since  the  construction  of  real  prototype  UAV  to 
evaluate  concepts  is  prohibitively  expensive  an 
alternative  technique  being  proposed  currently  within 
the  Defence  Evaluation  and  Research  Agency  (DERA) 
is  the  concept  of  evaluating  “virtual  vehicles”  in  a 
synthetic  environment.  The  approach  is  to  fast  prototype 
a  computer  model  of  the  platform  based  on  a  system 
developed  to  design  and  validate  flight  control  systems. 
This  virtual  prototype  is  then  evaluated  in  a  man-in-the- 
loop  simulation  facility  such  as  DERA’s  JOUST  or 
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RTAVS  to  establish  the  concept  of  operations. 
Technical  issues  such  as  the  level  of  autonomy  and  the 
manoeuvre  capability  required  can  be  readily  evaluated 
by  changing  the  virtual  vehicle  or  the  man  machine 
interface.  The  technique  allows  for  design  iterations  in  a 
cost  effective  way.  Advanced  concepts  can  be  evaluated 
using  sub-scale  models  in  wind  tunnels  and  the  data  used 
within  the  virtual  vehicle  model  environment. 
Developments  in  the  protocols  for  linking  processors 
(DIS  links)  and  fast  networking  capabilities  enable 
simulators  on  different  sites  to  be  connected  to  take 
advantage  of  a  range  of  capabilities. 

7.  OTHER  ISSUES 

It  has  not  been  possible  in  this  short  paper  to  cover  all 
the  issues  associated  with  combat  UAV  however,  it  is 
appropriate  to  review  some  of  the  studies  which  need  to 
be  undertaken  to  establish  the  combat  UAV  role. 

Training  is  a  complex  issue.  Training  costs  for  front  line 
pilots  are  high  as  a  state  of  readiness  is  required  which 
can  only  be  maintained  by  hands  on  experience.  This 
also  consumes  aircraft  flying  hours  and  support 
resources.  But  what  are  the  training  requirements  for 
operation  of  combat  UAV  ?  Will  it  be  sufficient  to  train 
using  the  form  of  synthetic  environment  outlined  above  - 
possibly  yes  for  UAV  which  operate  alone  but  almost 
certainly  not  for  UAV  used  in  conjunction  with  manned 
aircraft.  It  is  necessary  therefore  to  assess  training  needs 
as  an  integral  part  of  the  concept  evaluation. 

Air  space  management  covering  the  air  traffic  control 
requirements  and  military  control  is  a  hot  topic  for 
surveillance  UAV.  The  issue  will  need  to  be  addressed 
further  in  the  context  of  weapon  carrying  UAV  which 
may  have  more  stringent  requirements  placed  on  them 
than  the  surveillance  vehicles. 

Reliability  standards  will  need  to  be  defined  for  combat 
UAV,  it  may  not  be  appropriate  just  to  consider 
reliability  as  a  financial  issue,  there  may  be  significant 
safety  aspects  which  now  have  to  be  considered.  The 
situation  is  similar  to  that  in  which  stand-off  missiles  fly 
back  home  if  the  mission  is  not  successful  -  clearly  this 
raises  a  number  of  safety  concerns. 


environments  such  as  is  found  in  the  SEAD  role  and  in 
applications  where  the  endurance  and  quick  reaction 
time  are  important  such  as  the  location  of  high  value 
short  dwell  time  targets.  Given  the  continued  advances 
in  technology,  it  is  suggested  the  main  challenges  facing 
UAV  in  combat  are  operational  more  than  technical. 
Concepts  of  operation  need  to  be  established  for  all 
combat  UAV  roles  and  effectiveness  of  UAV  judged  in 
the  context  of  acceptable  CONOPS.  Advanced 
simulation  environments  should  be  used  to  evaluate  the 
concepts.  Manned  and  un-manned  platforms  can  be 
used  to  complement  each  other  in  combat,  the  main 
challenge  is  to  establish  safe,  robust  ways  of  operating 
together. 
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8.  CONCLUSIONS 

There  are  roles  for  UAV  in  support  of  offensive 
operations.  Surveillance,  reconnaissance  and  target 
acquisition  are  vital  roles  for  which  UAV  have  already 
established  a  presence.  Additional  to  this  the  ability  to 
relay  data  and  to  perform  tactical  reconnaissance 
immediately  after  a  strike  are  roles  yet  to  be  exploited. 
There  are  also  roles  for  UAV  as  weapon  delivery 
platforms.  The  most  promising  are  in  high  threat 
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SUMMARY 

This  paper  presents  an  overview  on  the  AutoPilot  design 
philosophy  for  a  medium  class,  jet  powered  Unmanned 
Tactical  Air  Vehicle  (U.T.A.V.)  and  the  development  of  its 
Rig  +  Advanced  Integrated  Data  Acquisition  &  Simulation 
System  (Rig  +  AEDASS).  After  a  short  description  of  the 
Mirach  150  U.T.A.V.  system,  the  synthesis  methodology  of 
the  primary  control  laws  for  the  steering  and  navigational 
modes  are  presented  (Autopilot  and  Flight  Management 
System).  The  process  aims  at  verifying  accordance  between 
requirements  and  performances  of  the  global  system 
(Autopilot+Airframe).  The  performances  of  the  system  are 
shown;  dynamic  responses  in  front  of  altitude,  groundspeed 
and  heading  demands  and  their  maintenance  in  presence  of 
atmospheric  turbulence  (MIL-F-8785/C).  The  study  is 
developed  in  FORTRAN  77  language. 

LIST  OF  SYMBOLS  AND  ABBREVIATIONS 


First  of  all,  a  mathematical  model  of  the  airffame+sensors 
has  been  implemented  on  a  VAX  computer,  based  upon 
airframe  and  equipment  suppliers’  database;  then,  the 
classical  Equations  of  motion  have  been  implemented  to 
build  a  real  6  Degree  Of  Freedom  (6DOF)  Model. 

The  third  step  consisted  in  the  linearisation  of  the  motion 
equations  to  extract  the  transfer  functions  needed  to  outline 
the  autopilot  loops:  the  inner  loop  Stability  Augmentation 
System  (SAS),  the  attitude  autopilot,  and  then  the  outer  loop: 
the  steering  and  navigational  autopilot. 

These  control  laws  have  been  subsequently  implemented  on 
the  6DOF  model  to  evaluate  their  response  in  a  test  and  trial 
sharpening  process. 

In  order  to  evaluate  the  performances  of  the  whole 
UTAV+FMS/AP  system,  an  Avionic  Integration  System 
called  Rig  has  been  developed.  It  is  made  up  of  a  phisical 
bench,  on  which  lies  the  UTAV  and  its  avionic  equipment 
and  an  ADDASS  which  acquires  all  the  data  to  be 
monitorized,  and  simulates  the  motion  and  external 
environment. 


6DOF 

ADC 

AHRS 

AID  ASS 

AP 

6a 

8e 

FMS 

GPS 

IAS 

P 

q 

SAS 

TAS 

KEYWORDS 


6  Degree  Of  Freedom 
Air  Data  Computer 

Attitude  and  Heading  Reference 
System 

Advanced  Integrated  Data  Acquisition 

&  Simulation  System 

Autopilot 

Aileron  deflection  angle 
Elevator  deflection  angle 
Flight  Management  System 
Global  Positioning  System 
Indicated  Air  Speed 
Roll  rate 
Pitch  rate 

Stability  Augmentation  System 
True  Air  Speed 


AutoPilot,  PI  Control  Laws,  Self  Tuning,  Unmanned  Tactical 
Air  Vehicles,  Simulation. 

1.  INTRODUCTION 


2.  MIRACH  150  UTAV  SYSTEM 

The  UAV  on  which  this  survey  is  based  belongs  to  the  MIDI 
cathegory,  whose  main  views  are  shown  in  Figure  1 . 
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Herein  are  presented  the  main  steps  of  the  design 
methodology  employed  for  the  Mirach  150  FMS/AP  project 
development.  MDIACH  150  is  an  ALENIA’s  carrying  out  for 
the  Italian  Army:  a  high  speed  Unmanned  Tactical  Air 
Vehicle  derivative  of  the  MIRACH  100  target  drones  family. 
The  procedure  herein  described  is  completely  computer-aided 
to  simulate  the  behaviour  and  performances  theoretically 
achieved  at  the  end  of  the  design  phase. 


Figure  1:  M-150  main  \wiews. 

The  air  vehicle  features  a  round  fuselage  containing  the 
payloads,  fuel  tank  and  the  engine,  which  is  a  turbojet 
engine  with  low  by-pass  ratio;  above  the  fuselage  is  located 
the  air  in-take.  The  wing,  located  in  the  backward  section  of 
the  fuselage,  has  thin  sections,  positive  sweep  on  the  leading 
edge  and  null  sweep  on  the  trailing  edge,  low  aspect-ratio  and 
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ailerons  for  control  on  the  roll  axis;  the  main  feature  of  the 
air  vehicle  is  its  unconventional  tail,  which  is  in  form  of  a  V; 
the  movable  part  of  this  tail  can  be  controlled  only  with 
symmetrical  motion,  to  obtain  control  on  the  pitch  axis  (it 
functions  as  an  elevator),  the  turning  of  the  vehicle  is 
obtained  only  by  rolling  the  plane  with  the  ailerons 
The  mathematical  model  has  been  developed  from  a  data¬ 
base  documenting  every  single  subsystem:  it  was  modcli/cd: 
Aerodynamics, 

Mass  properties, 

Turbojet  engine. 

Actuators  group. 

Avionic  sensors:  Attitude  and  Heading  Reference  System 
(AHRS),  Air  Data  Computer  (ADC),  Global 
Positioning  System  (GPS), 

External  environment. 

3.  MATHEMATICAL  MODEL,  MOTION 
EQUATIONS  AND  THEIR  LINEARISATION 

The  differential  equations  describing  an  airplane  motion,  in 
their  most  general  form,  arc  composed  of  a  system  of  nine 
equations  and  nine  unknowns;  this  system  has  been 
explicitated  and  re-written  to  present  every  single  unknown 
in  only  one  equation,  so  it  is  possible  to  solve  each  equation 
separately  with  numerical  methods  like  the  Adam-Bashford 
2nd  order  one. 

The  differential  equation  system  might  be  furthcrly 
simplyfied  considering  a  series  of  h>potesis  on  the  airplane 
and  the  variables  which  perturbate  its  trim  status:  this 
operation  is  called  linearization  of  the  motion  equations  The 
starting  point  for  this  operation  is  a  steady  trim  condition  for 
the  airplane,  around  which  it  will  be  evaluated  a  simplifyed 
desciption  of  its  evolution.  The  steps  to  write  the  motion 
equations  and  for  the  following  linearization  arc  here 
exposed: 

I  The  airplane  is  considered  as  a  stiff  body. 

II  The  airplane  mass  and  its  distribution  arc  intended  steady. 
HI  The  airplane  holds  the  XZ  plane  as  a  symmetry  plane 

IV  The  gyroscopic  effects  of  all  the  moving  rotors 
(compressor  and  turbine  stages)  arc  considered  irrelevant  into 
the  motion  equations. 

V  The  airplane  is  supposed  in  a  steady  state  and  the 
parameters  of  this  state  are  perturbed  by  little  variations 

VI  The  motion  in  the  longitudinal  plane  is  not  influential 
over  the  motion  into  the  lateral -directional  plane  and  vice- 
versa  (uncoupled  planes). 

VII  The  environmental  parameters  variations  are  considered 
irrelevant  if  the  altitude  variations  of  the  airplane  arc  small 
during  the  motion. 

VIII  The  turbojet  thrust  is  supposed  to  be  aligned  with  the  X 
body  axis. 

With  the  linearization  operation  a  system  of  linear 
differential  motion  equations  is  obtained,  from  this  system  it 
is  possible  to  represent  the  motion  by  a  first  order  differential 
equations  system  called  the  “status  equations”,  in  which  the 
principal  and  most  interesting  parameters  are  explicitated 
The  status  equations,  disassembled  into  separate  equations 
and  explicitated  for  the  parameters  under  evaluation,  give  the 
transfer  functions,  by  which  it  is  possible  to  study  the 
architecture  of  the  control  system. 

4.  SAS  DEVELOPMENT 

The  SAS  is  that  part  of  an  aircraft  Autopilot  (historically  the 
first  to  be  realized)  that  damps  oscillations  around  pitch,  roll 
and  yaw  axes  by  means  of  contrasting  aerodynamic  moments 
produced  by  rotation  of  control  surfaces. 

On  the  ground  of  aircraft  configuration,  SAS  damps 
longitudinal  and  lateral  oscillations  induced  by  manoeuvTc 


and  possible  disturbs  in  the  linear  mixlel  cacb  of  the  damper 
loops  arc  separately  studied  (see  ref  1  for  lurther  details) 
Then  the  two  loops  are  studied  by  means  of  nxit  livus,  polar 
and  B(Kle  diagrams  to  estimate  their  stability;  the  Gain  and 
Phase  margins  are  evaluated  lioth  on  Bixle  and  polar 
di.agrams  (by  means  of  Nyapiist  principle) 

When  the  most  satisfacti'iry  feedback  design  is  defined,  this 
will  be  optimized  by  implementing  it  in  the  aircraft  linear 
and  6DOF  models  over  the  whole  flight  envelope 

4.1  Pitch  Damper  (Longitudinal  oscillations  damper) 

The  device  acquires  bixly  axes  pitch  rate  q  and  opposes  it  in 
case  of  high-frequency  oscillations,  instead  it  keeps  idle  in 
case  of  null  or  low-fie(]ucncy  oscillations,  Pitch  Damper 
works  by  means  of  elevator  and  so  the  q/Sc  aircraft  transfer 
function  will  be  used  for  estimating  the  Damper  pet tormance 

4.2  Roll  Damper  (Lateral  oscillations  damper) 

The  device  acquires  oscillations  of  bixly  axes  roll  rate  p  and 
opposes  it  by  means  of  asymmetrical  manix'UVTe  of  ailerons 
in  case  of  high-frequency  oscillation,  therefore  p/Sa  aircraft 
transfer  function  will  be  used  for  estimating  the  Damper 
performance 

4.3  Z  and  W  transfer  function  analysis 

Control  lixsps  analysis  and  synthesis  in  linearized  system  has 
been  founded  on  continuous  transfer  function  in  ,v  complex 
variable,  that  is  l.aplacc  transform 

To  obtain  a  better  confidence  in  the  analysis  made  by  means 
of  l.aplacc  transforms,  confidence  already  obtained 
comparing  linearized  mixlel  and  6D01-'  mixlel.  z  and  le 
transfer  function  analysis  has  been  performed 

4.4  Pitch  and  Roll  damping  loops 

Investigating  the  responses  of  the  two  damper  lixrps  that  are 
part  of  the  Autopilot,  it  can  he  reported  that  sufficient 
damping  ratio  and  sufficient  response  rate  have  not  been 
achieved,  in  spite  of  optimization  of  time  constants 
One  of  the  possible  solutions  concerns  a  second  feedback 
loop  of  the  quantity  controlled  by  D.impers  It  h.is  been 
chosen  for  its  advantages-  it  is  simpler  to  realize  and  less 
burdensome  for  the  AP  microprix'essor  The  new  outer  lixip. 
named  Damping  lixip.  is  characterized  by  unitary  gain  and 
only  one  block  for  sensors  simulation 

The  transfer  functions  of  these  two  lixrps  have  been  analyzed 
too  by  means  of  l.aplacc  transforms  (s)  and  discrete 
transforms  (namely  z  and  w):  the  results  of  this  frequency 
analysis  is  shown  in  Figure  2  and  Figure  3  for  Pilch  and  Roll 
Damping  separately  (see  ref  2  for  further  details) 

Figure  2  shows  the  Bixle  diagrams  (Gain  and  Phase)  for  Pilch 
Damping  lixip  in  s.  z  and  w  Figure  3  holds  the  same  for  Roll 
Damping  loop. 

Gain  [db] 
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5.2  Roll  Acquire  and  Hold 

The  lateral  and  directional  channel  is  controlled  by  this  loop 
that  acquires  and  holds  roll  angle:  since  the  conceptual  design 
criteria  for  this  operation  are  the  same  of  Pitch  Acquire  and 
Hold  control  loop,  the  architecture  and  development 
methodology  are  the  same  too.  In  this  case  the  (p/p  transfer 
function  has  been  taken  into  account. 

The  system  Damper  +  Damping  +  Acquire  and  Hold  obtained 
in  this  way,  reduces  the  time  to  achieve  regime  condition  and 
increases  oscillations  damping. 

5.3  Control  Laws  optimization 


Figure  2:  Pitch  Damping  frequency  analysis. 
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Figure  3:  Roll  Damping  frequency  analysis 


5.  ATTITUDE  AUTOPILOT  DEVELOPMENT 

5.1  Pitch  Acquire  and  Hold. 

The  device  acquires  and  holds  pitch  angle:  when  the  aircraft 
has  to  climb  to  achieve  altitude  or  to  level  after  a  dive  for 
example,  the  desired  pitch  angle  is  commanded  from 
FMS/AP.  Comparing  conunanded  pitch  angle  with  measured 
pitch  angle,  the  input  pitch  rate  q  demanded  for  SAS  is 
calculated  (by  means  of  a  multiplying  constant);  in  response 
to  the  SAS  demand,  an  actuated  q  is  returned,  which 
(considering  transfer  function  9/q)  will  generate  an  actuated 
9.  Pitch  Acquire  and  Hold  loop,  shown  in  Figure  4,  is 
obtained  by  means  of  a  feedback  design  of  9  actuated  that  is 
measured  by  sensors  separately  (see  ref.  2  for  further  details). 


Figure  4:  Pitch  Acquire  &  hold  loop. 


Once  the  control  loops  have  been  designed,  an  optimization 
of  the  internal  parameters  is  necessary  to  guarantee  the  best 
performances  in  the  whole  flight  envelope.  For  this  reason, 
evaluations  both  on  linearized  and  6DOF  models  have  been 
thoroughly  conducted. 

6.  STEERING  AUTOPILOT 

Once  the  attitude  autopilot  has  reached  its  final  design  and 
has  undergone  evaluation  tests,  the  steering  autopilot  can  be 
dealt  with. 

In  the  Steering  mode,  the  autopilot  generates  three 
commands:  altitude,  groundspeed  and  roll;  to  acquire  and 
hold  the  commanded  values  of  the  flight  parameters,  a 
different  loop  for  each  has  been  designed.  In  the  particular 
case  of  altitude,  two  different  loops  have  been  studied, 
implemented  and  tested:  one  for  acquiring  altitude,  the  other 
to  hold  it. 

Given  the  measured  flight  altitude,  a  sector  (with  variable 
limits)  above  and  under  it  has  been  defined:  if  the 
commanded  altitude  is  within  this  sector,  the  autopilot 
activates  the  Altitude  Hold  mode,  otherwise  it  reverts  to 
Altitude  Acquire  mode.  This  differentiation  comes  from  the 
necessity  to  guarantee  flight  safety  over  acquiring  different 
altitudes  in  different  flight  conditions. 

In  the  Altitude  Hold  mode,  besides  the  altitude  loop,  the 
groundspeed  and  roll  acquire  and  hold  loops  are 
contemporarily  active:  instead,  in  the  Altitude  Acquire  mode, 
only  the  roll  acquire  and  hold  loop  is  active. 

6.1  Altitude  Hold  loop 

The  altitude  hold  loop  operates  by  means  of  the  elevator  to 
hold  the  commanded  altitude.  The  starting  point  of  the  design 
process  is  the  Vertical  velocity  /  pitch  rate  transfer  function, 
around  which  the  whole  linearized  model  will  be  built. 

The  altitude  hold  loop  is  made  up  of  an  inner  loop  (formally  a 
damper  loop)  and  of  an  outer  loop  (which  is  referred  to  as  a 
position  loop). 

On  analysing  the  linear  inner  loop,  it  can  be  found  that  is 
based  upon  the  Vertical  Velocity/q  transfer  function:  to  obtain 
the  desired  Vertical  Velocity  a  Pitch  rate  is  demanded, 
therefore  (through  the  Pitch  damping  loop)  an  elevator 
rotation  is  commanded. 

The  outer  loop  is  therefore  based  upon  the  h/Vertical 
Velocity  transfer  function. 

In  this  way  it  is  clear  that,  to  hold  a  certain  altitude  (or  to 
acquire  an  altitude  not  much  different  from  the  current  one) 
the  final  command  is  an  elevator  one. 

6.2  Groundspeed  Acquire  and  Hold  loop 

The  groundspeed  acquire  and  hold  loop,  as  the  altitude  hold 
loop,  is  composed  of  an  inner  loop  and  an  outer  loop. 

The  linear  inner  loop  is  based  upon  the  Groundspeed 
derivative/Throttle  command  transfer  function. 


16-4 


As  it  was  foreseen  by  harmonic  analysis,  and  later  confirmed 
by  6DOF  simulation,  this  is  not  a  fast  response  loop,  since 
the  normal  turbojet  reaction  time  to  a  throttle  command  is  not 
so  quick. 

Anyway  it  has  been  preferred  a  slower  but  more  precise  loop 
to  a  design  which  gave  precedence  to  fast  response,  but  which 
allowed  Groundspeed  oscillations  around  the  commanded 
value.  By  the  way  this  also  helped  to  prevent  compressor  and 
turbine  problems  in  the  turbojet,  related  to  sudden  and 
violent  shifts  in  throttle  command. 

6.3  Roll  Acquire  and  Hold  loop 

The  Roll  acquire  and  hold  loop  here  referred  to,  is  the  same 
described  in  the  Attitude  autopilot. 

6.4  Altitude  Acquire  loop 

The  Altitude  acquire  loop  has  been  designed  on  a  completely 
different  approach  from  the  Altitude  hold:  first  of  all,  the  best 
climb  and  dive  pitch  attitudes  have  been  evaluated,  then  on 
these  grounds  optimal  climb  and  dive  IAS  have  been 
calculated. 

Once  obtained  the  climb  and  dive  speeds,  it  has  been  chosen 
to  acquire  and  hold  them  by  the  elevator  rotation  In  this  way, 
the  necessary  steps  to  climb  or  dive  arc:  calculate  the  IAS 
commands  (which  arc  a  function  of  the  actual  altitude),  then 
acquire  and  hold  them. 

6.4.1  IAS  Acquire  and  Hold  loop 

In  order  to  achieve  the  correct  climb  or  dive  speed  while 
effectively  climbing  or  diving,  it  has  been  decided  to  achieve 
this  velocity  by  means  of  elevator  command. 

Since  the  climbing  speed  is  slightly  lower  than  the  IAS 
corresponding  to  the  lowest  programmable  groundspeed,  it’s 
obvious  that  a  slower  velocity  can  be  achieved  only  by 
climbing;  similarly,  since  the  diving  velocity  is  only  a  few 
m/s  above  the  highest  horizontal  velocity,  to  achieve  this 
velocity  the  UTA'V  effectively  dives. 

It  must  be  noticed  that,  to  account  for  roll  manocusTcs  while 
in  Hold  mode,  the  lowest  programmable  groundspeed  has 
been  limited  to  a  value  slightly  greater  than  the  calculated 
stalling  TAS  for  maximum  roll. 

Speaking  of  the  actual  loop  design,  it  can  be  said  that  it  is 
similar  to  the  altitude  hold  loop:  there  are  two  nested  loops. 
The  outer  loop  compares  commanded  IAS  with  actual  IAS 
and,  via  a  scheduled  gain,  demands  an  acceleration  (IAS 
derivative);  the  inner  loop  compares  the  demanded 
acceleration  with  current  one  and,  through  another  scheduled 
gain,  demands  a  pitch  rate  which  is  given  as  input  to  the  pitch 
damping  loop, 

6.5  Control  Laws  optimization 

The  optimization  of  the  first  three  loops  (altitude  hold, 
groundspeed  acquire  and  hold,  roll  acquire  and  hold)  has 
been  conducted  on  linearized  model  and  then  on  the  6DOF 
model,  as  seen  before  for  the  Attitude  autopilot  loops 
The  optimization  of  the  IAS  acquire  loop,  given  its  high 
degree  of  non-linearity,  has  been  studied  and  optimized 
directly  on  the  6DOF  model. 

7.  GUIDANCE  AUTOPILOT 

Once  the  main  loops  for  the  Steering  Autopilot  have  been 
implemented,  optimized  and  tested,  the  last  part  of  the 
autopilot  has  been  faced  up. 

To  better  understand  the  functional  mode  of  the  guidance 
autopilot,  herein  is  a  short  description  of  the  navigational 
modes  of  the  M-150  UTAV. 


The  main  phases  of  the  M  l.SO  flight  arc: 

—  Launch. 

~  Navigation  (autonomous  or  remote). 

—  Recovery 

The  Launch  phase  is  intended  to  safely  bring  the  plane  to  a 
preset  minimum  altitude  and  groundspeed  from  which  start 
the  mission  In  this  phase  a  preselected  sequence  of  pitch  and 
throttle  commands  are  fed  to  the  UTAV  actuators,  while  the 
ailerons  are  kept  neutral:  the  whole  phase  takes  place  in  the 
longitudinal  evolutiisn  plane 

Once  the  Launch  phase  is  terminated,  the  FMS/AP  switches 
to  the  Navigation  phase  and,  if  the  autonomous  nnxle  is 
selected,  the  flight  plan  is  brought  to  attention,  and  the 
autopilot  performs  the  waypoints  acquisition 
This  operation  is  quite  complex  because  tliere  are  several 
differen  wavpoint  t)pes:  for  the  purpose  of  this  study  we  will 
explain  only  type  1  and  2  Type  1  waypoint  is  the  waypoint 
that  must  be  overflown  by  the  UTAV,  then  the  autopilot  can 
switch  to  the  next  cine;  type  2  waypoint  means  that  tire 
autopilot  must  link  up  the  actual  flight  course  (connecting  the 
previous  waypoint  to  the  next)  to  the  next  one  (connecting  the 
next  waypoint  to  the  following)  by  turning  (track  connecting 
mode). 

The  Navigation  phase  might  also  be  canied  on  by  a  ground 
operator:  this  is  the  remote  mode  In  this  case  the  operator 
can  fly  the  UTAV  in  Steering  mode  (altitude,  groundspeeed 
and  roll  commands)  or  in  Attitude  mode  (pitch,  roll  and 
throttle  commands) 

Once  the  last  waypoint  has  been  reached  (if  in  autonomous 
mode)  or  the  recovery  command  has  been  sent  from  the 
ground  operator  (if  in  remote  mode),  the  UTAV  disposes 
itself  to  be  recovered 

7.1  Track  Acquire  and  Hold 

Once  a  waypoint  is  reached,  a  new  course  has  to  be 
initialized:  by  means  of  latitude  and  longitude  of  the  previous 
and  next  waypoint,  plus  the  spherical  correction  for  the 
earth’s  surface  (performed  according  to  WGS  72  or  WGS  84 
earth’s  models),  the  actual  course’s  track  angle  and  the 
direction  cosines  are  calculated  Then,  the  following 
navigational  parameters  are  routinely  updated 

—  Distance  along  track:  the  distance.  aU'ng  the  line 
representing  the  course,  from  the  actual  position  t<i  the 
next  waypoint 

—  Distance  across  track  the  distance  from  the  actual 
position  and  the  line  representing  the  course 

—  Velocity  along  track  the  actual  vchx'ity  along  the  line 
representing  the  course 

—  Velocity  across  track:  orthogonal  vchxrity  to  the  previous 
one 

Figure  S  better  explains  the  meaning  of  these  parameters 


vt-iypoinr 

Figure  5:  Navigational  parameters 
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The  track  acquire  and  hold  loop  is  again  constituted  by  an 
outer  loop  (position  loop)  and  an  inner  one  (velocity  loop). 

The  outer  loop  compares  the  actual  distance  across  track  with 
the  desired  one  (which  is  0),  and  generates  (via  a  scheduled 
gain)  a  velocity  across  track  demand. 

The  inner  loop  compares  the  demanded  velocity  across  track 
with  the  actual  one  and  generates  an  appropriate  roll 
command. 

The  distance  along  track  parameter  is  evaluated  to  switch 
waypoints  when  it  becomes  0  or  negative. 

7.2  Track  Connecting  mode 

The  Track  Connecting  mode  is  an  intermediate  phase 
between  two  consecutive  courses.  When  the  next  waypoint  is 
a  type  2  one,  the  FMS/AP  calculates  a  turn  radius  from  actual 
TAS  and  maximum  allowable  roll. 

Given  the  turn  radius,  the  distance  from  the  next  waypoint 
(reached  which  the  turn  is  commanded)  can  be  calculated. 
While  holding  the  same  commanded  altitude  and 
groundspeed  of  the  approaching  waypoint,  the  FMS/AP 
commands  maximum  roll  to  achieve  the  next  course,  pointing 
towards  the  following  waypoint. 

This  turning  state  is  held  until  the  next  course  is  reached, 
then  the  new  waypoint’s  parameters  can  be  brought  to 
attention. 

8.  ATMOSPHERIC  TURBULENCE 

For  testing  the  performances  of  the  Autopilot,  a  model  of  the 
statistic  turbulence  has  been  implemented  as  part  of  the 
external  environment. 

Statistic  turbulence  has  been  studied  by  means  of  Dryden 
model  according  to  MIL-F-8785/C  norm;  aircraft  has  been 
specifically  tested  in  moderate  turbulence  alongside  the  three 
earth-axes  and  around  the  three  body-axes  for  p,  q,  r  angular 
rates.  Diagrams  of  the  perturbation  linear  velocities  (along 
earth  axes)  are  shown  in  Figure  6  through  Figure  8  . 

The  performances  achieved  through  turbulence  have  been 
compared  with  flight  in  calm  atmosphere. 


Time  ( s  ) 


Figure  6:  Atmospheric  turbulence  velocity  u 


Figure  7:  Atmospheric  turbulence  velocity  v 


Figure  8:  Atmospheric  turbulence  velocity  w 


9.  UTAV  SIMULATED  FLIGHT  TESTS 

To  evaluate  the  performances  of  the  FMS/AP  in  its  final 
design  review,  a  series  of  simulated  flight  tests  have  been 
conducted  with  various  flight  plans.  Here  reported  are  two 
similar  flights  which  have  been  conducted  in  autonomous 
mode:  the  only  difference  between  the  two  flights  lies  in  the 
added  atmospheric  turbulence  on  flight  no.  2.  to  better 
evaluate  performances  in  non-ideal  flight  conditions. 

The  flight  plan  (common  to  both  the  first  and  second  flight)  is 
the  following: 

•  Launch  from  an  altitude  of  0  meters  a.s.l.  with  10° 
heading  orientation. 

•  Transition  to  safe  manoeuvre  flight  condition:  1000  m 
height  above  launch  altitude  and  minimum  groundspeed 
of  130  m/s.  This  must  be  accomplished  disregarding  of 
the  route  (towards  first  waypoint)  track  angle. 

•  First  waypoint  acquisition:  type  2  waypoint.  0. 15°  latitude 
North,  0.02°  longitude  East,  1600  m  altitude.  150  m/s 
groundspeed. 

•  Second  waypoint  acquisition:  type  2  waypoint.  0.15° 

latitude  North,  0.14°  longitude  East,  1600  m  altitude.  170 
m/s  groundspeed. 

•  Third  waypoint  acquisition:  type  1  waypoint.  0.30° 

latitude  North,  0.04°  longitude  East,  2400  m  altitude,  130 
m/s  groundspeed. 

•  Fourth  waypoint  acquisition:  type  1  waypoint.  0.30° 

latitude  North.  0.05°  longitude  West.  1000  m  altitude, 
160  m/s  groundspeed, 

•  Istantaneous  recovery. 

The  0  point  in  the  Latitude  vs  Longitude  charts  indicates  the 
transition  from  launch  phase  to  navigation  phase:  the  safe 
flight  conditions  described  before  have  been  reached. 


Groundspeed  [m/s]  ,  Altilude 


9.2  UTAV  Test  night  no.  2 

Flight  n.  2 

Flight  n.  2 

Longitude  [deg] 


Flight  n.  2 


Flight  n.  2 


Time  [  s] 

1— 

Time  [  s 

Flight  n.  2 

Flight  n.  2 

50  190  1^0 


Flight  n.  2 


Flight  n.  2 


•50 
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10.  RIG  -  AIDASS  FOR  M-150 


11.  CONCLUSIONS 


Once  completed  the  design  phase  of  evcr>'  single  sub  system 
for  the  M-150,  a  special  tool  called  Rig  has  been  built  to 
perform  ground  integration  tests  and  performance  evaluations 
of  the  real  UTAV  in  a  real-time  environment. 

This  Rig  has  purposely  been  designed  to  help  in  performing 
the  difficult  task  of  integrating  the  on-board  avionic  in  a  step- 
by-step  process:  it  is  in  fact  possible  to  simulate  those  sub 
systems  and  equipments  which  arc  intended  to  be  integrated 
in  further  steps,  allowing  at  the  same  time  the  full 
functionality  of  the  UTAV  avionics. 

Rig  is  made  up  of  a  bench  and  an  AIDAS.S,  which  stands  for 
Advanced  Integrated  Data  Acquisition  and  Simulation 
System. 

The  bench  is  composed  of  a  mechanical  structure  and 
wirings:  the  mechanical  structure  supports  all  the  patch 
panels  of  the  system  channels,  the  airframe  and  the 
equipments,  while  the  wirings  allow  all  the  Rig  electrical 
connections. 

The  AIDASS  is  a  ground  equipment  simulating  the  external 
environment  and  all  the  avionic  equipments  of  the  UTAV, 
while  collecting  all  the  internal  and  sensor  parameters,  it  is 
composed  of  a  mainframe  computer  (a  VAX  6000  computer), 
a  workstation  to  allow  man-machine  interface,  and  an  input - 
output  driving  sy,stcm  called  Front/Fnd. 

The  whole  assembly  is  better  explained  in  Figure  9. 


Figure  9:  M-150  Rig-AIDASS 

On  the  VAX  computer  the  whole  6DOF  mathematical  model 
of  the  M-150  is  implemented  as  well  as  the  avionic 
equipment  and  external  environment  modclization.  while  the 
Front/Hnd  manages  the  whole  input-output  cards  and  the  data 
acquisition  and  recording;  the  workstation  is  used  to  manage 
and  monitor  the  whole  AIDASS  and  avionic  sub  systems 
functioning. 

The  peculiarity  of  the  Rig  assembly  is  that  it  allows  real-time 
simulation  and  stimulation  of  the  Mirach  150  UTAV;  the 
only  drawback  is  that  some  avionic  systems  won’t  give 
dynamic  output. 

For  example,  since  the  UTAV  lies  on  a  bench,  the  AHRS 
sensed  parameters  (such  as  linear  and  angular  velocities, 
attitude  angles,  geographical  position  etc.)  won’t  be 
consistent  with  the  simulation  in  progress,  so  they  will  be 
substituted  (always  in  real-time)  by  the  calculated  ones  from 
the  sensors  mathematical  model  running  on  the  VAX 
computer. 

The  main  advantages  of  this  Rig  can  be  summarized  as 
follows: 

•  The  whole  Avionic  System  can  be  integrated  and  tested, 
and  its  performances  evaluated, 

•  The  programmed  flight  plan  can  be  ground  executed  to  be 
proven 

•  The  flight  elearance  can  be  delivered 


The  reported  work  shows  that  the  metluxlology  ol  Autopih't 
control  laws  design  criteria,  billowed  by  authors,  are  correct 
and  effective:  even  if  in  the  peculiarity  of  the  problem  th;it 
has  been  taken  into  consideration,  used  criteri;i  acquire  a 
significant  generality  from  the  metluxlology  p(iint  of  view  and 
go  beyond  the  specific  shown  case  and  are  a  useful  guidance 
for  solution  of  similar  problems 

Upon  examinating  the  Autopilot  perlormances,  the  inctudeil 
charts  show  that  gixxl  damping  ratios  and  response  rate  for 
the  ,SAS  have  been  achieved,  while  the  ac(]tiire  and  hoKI 
loops  (both  of  the  Attitude  and  .Steering  Autopilot)  perform 
the  commands  acquisition  in  a  flawless  manner,  in  spite  ol 
mantaining  a  simple  structure  The  Ouid.ince  Autopilot  tixi 
shows  the  same  behaviour,  even  in  the  case  of  atmospheric 
turbulence 

The  Rig  integration  and  real  time  simulations  with  hardware 
in  the  lixip,  provide  the  necessary  confidence  on  the  Autopilot 
performances  and  the  compulsory  flight  clearance  to  start  the 
flight  tests 
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L  SUMMARY 

This  paper  frames  a  general  discussion  of 
current  air  campaign  planning  methods  at  the 
campaign  and  mission  command  echelons, 
and  discusses  the  operational  and  technical 
mission  re-planning  requirements  required 
for  standoff  weapons  to  engage  fleeting 
targets  or  targets  discovered  immediately 
before  or  during  a  weapons  delivery  mission. 
Some  weapon  systems  already  have  the 
technology  needed  to  engage  this  threat; 
doctrinal  advances  and  allocation  of  scarce 
sensor  and  weapons  resources  are  the  driving 
factors  preventing  effective  fleeting  target 
engagement. 

II.  Introduction 

While  this  conference  addresses  unmanned 
aircraft,  certain  medium  and  long  range 
standoff  air-to-surface  weapons  take  on  many 
of  the  same  characteristics  such  as  navigation 
and  target  detection.  Navigation  to  a  target 
area  or  attack  point  must  be  planned  along 
with  target  location  and  characteristics.  A 
typical  mission  planning  session  for  stand  off 
weapons  will  address  this  information.  In  the 
heat  of  battle,  new  high  priority  targets  may 
be  discovered,  known  and  planned  targets 
may  move,  or  designated  targets  may  be 


destroyed  before  weapon  launch  or  the 
weapon  terminal  attack  phase.  In  any  of 
these  situations,  it  is  desirable  to  re-plan  or 
redirect  the  weapon 

In  order  to  understand  mission  re-planning, 
we  must  first  understand  how  the  mission 
was  originally  planned.  A  close 
understanding  of  both  the  campaign  and 
mission  level  operations  cycle  is  necessary 
before  considering  how  and  when  mission  re¬ 
planning  can  occur.  Since  mission  planning 
and  re-planning  take  place  primarily  at  the 
command  echelons,  they  will  provide  our 
fundamental  operational  considerations. 

From  these,  we  will  derive  some  basic 
technical  requirements  for  engaging  the  more 
difficult  target  types. 

III.  Planning 

We  define  planning  as  happening  at  two 
distinct  levels  of  command,  each  operating 
with  very  distinct  decision  sets  and  timelines 
for  reaching  those  decisions.  Campaign 
planning  includes  the  theater  level  planning 
of  overall  objectives,  sensor  and  other 
theater  level  asset  tasking,  developing  of  unit 
level  tasking,  and  targeting  priorities. 

Mission  level  operations  are  concerned  with 
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carrying  out  the  actual  mission  of 
platform/weapon  to  target  delivery. 

In  most  air  campaigns  today,  there  may  be 
several  other  levels  of  command  hierarchy 
present,  such  as  the  wing,  unit,  squadron,  or 
base  level  command.  In  most  cases,  these 
hierarchies  are  limited  to  an  ‘organize-train- 
equip’  role  in  the  modern  air  war.  Only  in 
rare  exceptions 
are  they  directly 
involved  in  target 
selection.  They 
only  provide  the 
resources  and 
infrastructure 
needed  to  strike 
targets.  We  will 
consider  the 
flight  or  force 
level  command 
hierarchy  as 
being  included  as 
part  of  mission 
level  planning  — 
force  packages 
consisting  of  one 

or  more  platforms  directly  responsible  for 
carrying  out  a  target  strike,  supporting  a 
target  strike,  counter-air  over  a  particular 
geographic  region,  or  a  similar  mission. 


A.  Campai2n  Level  Air  Taskins  Cycle 

The  operations  cycle  at  the  campaign  level 
generally  follows  the  six  steps  outlined  in 
figure  1.  The  purpose  of  planning  at  the 
campaign  level  is  to  ensure  that  joint  air 
operations  are  carried  out  both  efficiently  and 
effectively.  These  steps  are  normally  carried 
out  in  a  centralized  location  (an  Air 
Operations  Center,  or  similar),  with  planners, 
targeteers,  intelligence  officers,  other  service, 
or  allied  liaisons,  and  operational  experts  in 
the  same  location  as  the  senior  decision¬ 
maker.  Only  the  briefest  of  summaries  is 
given  here.'’ " 


The  cycle  shown  is  repetitive  and  continuous 
from  day  to  day.  In  general,  there  are  at 
least  three  ta.sk  orders  in  planning  or  review 
in  this  cycle  at  any  one  time.  Today’s  task 
order  is  being  carried  out,  which  means  that 
the  campaign  level  personnel  are  tracking 
current  developments  in  execution  status. 
They  are  carrying  out  the  latter  two  steps  of 
the  air  tasking  cycle.  The  middle  two  steps 
of  the  air  tasking 
cycle  are 
simultaneously 
working  tomorrow’s 
task  order  — 
defining  and 
disseminating 
mission  “solutions” 
to  the  problems  that 
were  posed  in  the 
first  two  steps 
which  arc 
concerned  with 
more  broadly 
defining  the 
following  day’s 
strategic  plan  and 

The  tasks  listed  arc  broad  and  over¬ 
simplified  for  our  use.  In  reality  there  is 
continuous  task  overlap  and  information,  and 
personnel  arc  involved  in  many  different 
phases  and  sub-tasks. 

1.  Component  Coordination 

Initially,  the  theater  commander  consults 
with  ground,  air,  and  naval  component 
commanders  to  review  the  progress  of  the 
warfighting  effort,  and  to  provide  overall 
guidance.  His  component  commanders  will 
recommend  target  sets  (and  possibly 
priorities)  to  meet  the  theater  commander’s 
guidance.  The  output  of  the  component 
coordination  task  is  the  sortie  apportionment, 
which  defines  the  percentage  of  available 
sorties  to  be  used  in  various  air  task 
categories,  such  counter-air  for  air 
superiority,  strategic  attack,  interdiction,  or 


target  priorities. 
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close  air  support.  This  apportionment 
ensures  the  most  effective  use  of  the  limited 
air  resources  in  support  of  the  theater 
commander’s  intent  and  objectives. 

2.  Target  Development 

Each  component  now  brings  to  the  limited  air 
resources  a  list  of  prospective  targets.  After 
extensive  coordination  among  the  staffs,  a 
prioritized  target  list  will  be  produced,  along 
with  supporting  guidance,  rules  of 
engagement,  and  other  information. 

3.  Weaponeering 

Once  a  prioritized  list  of  targets  and 
objectives  (destroy,  damage,  neutralize, 
delay)  is  available,  targeteers  define  the 
aircraft/platform/weapon  combination  most 
likely  to  produce  the  desired  result.  They 
will  consider  aim  points,  fusing,  approach 
direction,  angle  of  attack,  target 
identification,  threat  areas,  probability  of 
destruction,  etc. 

Other  planners  are  simultaneously 
constructing  force  packages  to  meet  the 
mission  requirements,  grouping  targets 
similar  in  location  or  nature,  and  defining 
support  aircraft  needed  to  ensure  an 
individual  mission’s  success.  For  example, 
surveillance  missions.  Suppression  of  Enemy 
Air  Defense  (SEAD)  strikes,  and  electronic 
warfare  missions  may  all  need  to  be  flown 
prior  to,  or  in  conjunction  with,  an  air 
interdiction  mission  in  one  or  several  regions. 

Taken  together,  the  weaponeered  (and 
prioritized)  target  set,  target  location,  enemy 
defenses,  apportionment  decision,  and 
overall  guidance  will  determine  roughly  the 
schedule  and  type  of  missions  needed. 

At  this  time  the  range  and  likely  release 
points  of  the  weapons  will  be  considered. 
While  the  release  point  of  an  unguided  direct 
attack  or  gravity  weapon  is  a  major 
component  of  the  impact  point,  guided 


gravity  weapons  have  guidance  kits  that 
allow  considerable  offset  from  a  purely 
ballistic  strike  point.  Powered  weapons  and 
longer  range  stand-off  weapons  fly  complete 
flight  paths  of  many  miles  on  their  own  after 
launch. 

4.  Resource  Assignment 

Armed  with  an  overall  plan  of  attack  for 
tomorrow’s  operation,  the  difficult  task  of 
assigning  many  aircraft  from  many  locations 
(and  possibly  services  and  nationalities)  to 
many  different  targets  begins.  They  also 
must  define  call  signs,  IFF,  frequencies,  etc. 
This  process  takes  anywhere  from  six  hours 
for  a  small  or  routine  air  campaign  to  twenty 
four  hours  for  large  or  contingency-based 
operations. 

Throughout  this  time  period,  other  planners 
work  airspace  control  issues  —  safe  ingress 
and  egress  aircraft  routes  —  as  well  as 
determine  span  of  control  issues  for  air 
defense  and  air  control.  They  also  finalize 
tanker  and  other  support  aircraft  sorties. 

The  output  of  this  phase  is  a  set  of  mission 
lines,  defining  to  a  very  explicit  level  of 
detail  the  aircraft/platform/weapons  to  be 
used  to  destroy  known  aim  points  of  specific 
targets  at  specific  times.  This  information  is 
passed  to  the  force  level  for  execution  with 
enough  time  for  unit-level  preparation  before 
the  first  targets  are  to  be  struck. 

5.  Force-Level  Execution 

This  includes  all  the  various  and  sundry  tasks 
involved  with  carrying  out  the  resource 
assignments  so  meticulously  made  in  the 
previous  task.  At  the  campaign  level, 
combat  operations  personnel  are  monitoring 
current  developments  and  making  “real  time” 
modifications  to  previously  published  orders 
based  on  weather  or  enemy  reactions.  They 
also  monitor  battle  damage  assessment  and  in 
flight  reports. 
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6.  Operational  Assessment 

The  operational  assessment  phase  is  where 
the  overall  results  of  the  on-going  air 
operation  is  evaluated,  including  munitions 
effectiveness,  and  recommendations. 
Planners  involved  in  this  task  must  weight 
likely  enemy  courses  of  action  in  light  of 
successes  to  date,  and  make 
recommendations  to  both  the  air  component 
commander  and  theater  commander  as  to 
how  to  best  use  current  air  resources  in  order 
to  further  the  campaign  objectives.  Although 
it  is  listed  as  the  last  task,  it  is  in  a  very  real 
sense  also  the  first  task,  providing  the  inputs 
necessary  to  continue  component 
coordination,  target  priorities,  weaponccring 
and  allocation,  and  future  resource 
assignments. 

B.  Mission  Level  Operations 

Mission  operations,  as  we  have  defined  them 
here,  have  a  much  longer  history  than 
campaign  level  operations. 

Individual  aircrews  have  been 
briefed  on  the  target  to  be  hit 
along  with  suggestions  on 
how  to  conduct  the  raid  since 
World  War  I  pilots  dropped 
shells  on  enemy  positions. 

Given  the  complexities  of 
today’s  weapons,  we  have 
large  planning  assistance 
computer  programs  such  and 
the  Air  Force  Mission  Support 
System  (AFMSS). 

1.  Mission  Planning 

Ranging  from  receipt  of  the 
air  tasking  order  (target, 
objective,  weapons  load,  and  time  over 
target)  and  scheduling  the  aircrew  to 
providing  a  tape  or  mission  cartridge  for 
downloading  information  to  the  aircraft 
mission/stores/weapons  management  system 
and  the  weapon  itself,  the  mission  planning 
process  is  critical  to  the  successful  delivery 
of  the  weapon. 


This  task  includes  analyzing  the  target  and 
objective  area  to  confirm  proper  weapon 
selection  and  gathering  scene  perspectives. 
Likely  enemy  defenses  and  threat  within  the 
target  delivery  zone  and  the  route  are 
defined.  The  actual  weapon  delivery 
parameters  (range,  altitude,  direction  and 
angle  of  attack,  speed,  weapon  setting,  etc.) 
are  chosen,  and  platform  maneuvers  to  attain 
those  delivery  parameters  are  finalized. 

Backing  up  from  the  delivery  point,  platform 
planners  determine  a  safe  and  efficient  route 
to  position  the  weapon  for  delivery  and  still 
meet  time-on-target  demands.  The.sc  include 
launch,  possibly  landing  and  divert  locations, 
air  refueling,  and  consideration  of  weather 
conditions  and  of  airspace  deconfliction  (safe 
ingress  and  egress  routes  that  prevent 
different  aircraft  from  attempting  to  occupy 
the  same  air  space  at  the  same  time). 

With  guided  weapons,  the  release  point  is 
more  of  a  release  area,  somewhat  elliptical  in 


nature,  from  which  the  weapon  may  still 
successfully  guide  to  the  target.  This  area  is 
calculated  by  the  weapon  planner/mission 
planning  system  based  on  the  range, 
dynamics,  and  guidance  characteristics  of  the 
weapon.  This  is  supported  in  the  mission 
planning  software  system  by  a  model  (3 
Degrees  of  Freedom  (DOF)  or  6  DOF)  of  the 
weapons  characteristics.  The  planning 


17-5 


software  can  simulate  the  flight  of  the 
weapon  and  show  either  the  possible  impact 
points  from  a  given  release  point  and 
conditions  or  the  release  area  and  conditions 
required  to  impact  a  given  point  with  given 
approach  direction  and  impact  angle.  Impact 
velocity  which  is  very  important  when 
attacking  hardened  targets  is  also  calculated. 

The  entire  process  is  repeated  for  secondary 
or  tertiary  targets,  in  case  the  primary  target 
is  unreachable  or  has  already  been  struck. 

All  of  this  information  (maps,  scene 
perspectives,  delivery  parameters,  etc.)  is 
collectively  called  a  combat  mission  folder, 
which  aircrews  will  take  with  them  on  the 
mission.  When  computer  supported  mission 
planning  is  used,  the  planning  information 
for  each  of  these  targets  is  prepared  and 
transferred  to  the  aircraft  stores  management 
and  navigation  systems. 

On  many  advanced  mission  planning 
computer  support  systems,  planners  or 
aircrews  can  perform  a  simulated  “fly-by” 
into  and  over  the  target  area,  with  computer 
visuals,  relying  on  geographic  and 
photographic  data  allowing  construction  of  a 
fairly  simple,  dynamic,  polyhedron-based 
perspective  of  landmarks  and  terrain  to  be 
encountered  on  the  proposed  route. 

Our  discussion  thus  far  has  assumed  a 
ground-based  planning  cell,  with  minutes  to 
hours  at  their  disposal  to  plan  a  target  strike. 
During  divert  missions,  planners  must  go 
through  essentially  the  same  process,  usually 
in  drastically  shortened  timeline.  Where  and 
how  this  re-planning  should  be  done,  and 
how  long  this  type  of  re-planning  might  take 
will  depend  on  many  different  factors,  which 
we  will  defer  until  section  IV. 

2.  Platform  Set-up 

From  the  time  the  tasking  for  a  particular 
mission  is  received  from  the  campaign 
headquarters,  the  support  crews  for  the 
platform/weapon  combination  have  been 
busy  as  well,  preparing  and  loading  the 
weapon  system  for  its  designated  mission. 


The  mission  planning  computer  support 
systems  mentioned  earlier  also  support  a  data 
transfer  device  from  the  computer 
workstation  to  the  platform/ weapon.  It  will 
load  the  planner’s  decisions  onto  a 
read/writeable  media  that  can  be  carried  to 
the  platform  and  will  automatically  initialize 
the  aircraft  and  weapon  with  way  point 
information,  weapons  parameters,  and  the 
like. 

3.  Target  Strike 

The  target  strike  is  the  instantiation  of  the 
entire  mission  planning  effort,  both  at  the 
campaign  and  mission  operations  level. 

This  task,  the  culmination  of  many  man¬ 
hours  of  thought  and  effort,  usually  is 
accomplished  on  the  order  of  seconds. 

4.  Tactical  Assessment 

Both  the  last  and  the  first  step  of  any  mission 
—  a  tactical  assessment  of  the  target  area  is 
both  an  input  into  the  mission  planning  task 
and  an  output,  to  be  fed  back  into  the  force- 
level  execution  task  at  the  campaign  level. 

IV.  Mission  Re-planning 

A.  General  Considerations 

We  set  the  stage  for  our  operational 
consideration  of  re-planning  activities  by 
considering  two  fundamental  questions  — 
what  causes  mission  re-planning,  and  what 
impacts  the  re-planning  process?'" 

B.  Mission  Re-Plannins  Causes 

The  causes  of  the  need  to  re-plan  or  re-direct 
a  mission  are  discovered  at  various  points  in 
the  timeline  and  command  level  where  the 
re-planning  takes  place.  Not  surprisingly, 
there  is  a  close  correlation  between  the  two. 
While  there  are  many  reasons  for  re¬ 
planning,  several  stand  out: 

Availability  of  friendly  resources.  An 

increase  in  capability  or  availability  of  bases. 
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aircraft,  or  weapons  means  in  turn  an 
increase  in  available  sorties  and  the 
possibility  of  attacking  new  or  multiple 


targets  that  could  not  safely  be  attacked  at 
that  time  with  the  lesser  capability. 


New  target  priorities.  New  target  priorities 
will  be  primarily  determined  based  on 
operational  successes  or  setbacks  to  date. 
SEAD  missions  may  take  priority  over 
interdiction,  if  initial  intelligence 
underestimated  enemy  threats.  Unexpected 
successes  also  open  up  the  possibility  of 
attacks  that  even  though  highly  important 
were  thought  too  dangerous  to  attack  until 
later. 

New  priorities  will  results  in  different 
apportionment,  as  the  theater  commander 
shifts  his  emphasis,  and  under  current 
operations  would  take  a  day  or  more  to  fully 
implement.  Re-planning  based  on  new 
target  priorities  is  currently  the  purview  of 
the  campaign  planning  staff. 


planning  (or  re-planning)  is  done 
dynamically.  In  some  cases,  the  general 
location  and  type  of  strike  desired  is  usually 
known,  and  the  target  timeline  is  relatively 
long,  even  for  mobile  targets.  Thc.se 
missions  will  have  been  previously  allocated 
for  and  planned  by  the  campaign  planners.  In 
other  cases,  the  location  and  type  of  strike 
required  may  not  be  known  o  priori.  This  is 
the  case  of  the  fleeting  target,  which  we  will 
discuss  in  much  more  detail  below. 

Mission  parameter  changes.  Weather, 
enemy  defensive  changes,  or  lack  of  accurate 
target  intelligence,  etc.  characterize  the 
normal  divert  mission  of  aircraft.  Nearly  all 
missions  plan  a  secondary  target  site,  in  case 
the  first  is  already  dc.stroycd  or  unreachable. 
Relatively  few  divert  missions  arc  solely 
targets  of  opportunity  —  those  that  arc 
usually  fall  into: 

Critical  emerging  threats.  Individual 
targets  may  emerge  during  combat  that 
fundamentally  impact  or  even  threaten  the 
theater  commander’s  battle  plan,  like  the 
imminent  deployment  of  weapons  of  mass 
destruction.  Substantial  mission  re-planning 
might  be  required  depending  on  the  target  set 
and  its  defenses.  Again,  although  the 
timeline  required  is  shorter  than  new 
priorities,  it  would  remain  the  prerogative  of 
the  campaign  planner  to  find  the  resources 
needed  to  attack  this  target.  This  scenario  is 
not  likely  to  happen  very  often.  There  arc 
few  individual  targets,  that  would  not  have 
been  recognized,  of  such  danger  that  an 
entire  day’s  or  campaign’s  operation  would 
be  in  jeopardy  unless  they  were  struck. 

These  would  require  a  significant  resource 
commitment  within  a  very  short  timeframe. 


Urgent  Close  Air  Support  (CAS)  (or  other 
high  priority)  targets.  Every  air  campaign 
allocates  some  portion  of  its  strike  forces  to 
close  air  support,  where  the  exact  time  or 
need  of  the  air  mission  may  not  be  known. 
These  forces  are  normally  allocated  to 
support  a  particular  geographic  region. 

Since  aircraft  are  normally  on  the  ground  or 
possibly  even  air  alert  status,  mission 


C.  Mission  Re-Planninc  Considerations 

There  are  two  primary  considerations  for 
mission  re-planning  feasibility:  asset 
availability/flcxibility  and  target  lifetime. 
Both  of  these  are  influenced  by  the  command 
and  control  capability  that  can  be  brought  to 
bear. 
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Asset  availability/flexibility.  This  factor 
primarily  combines  the  number  and  type  of 
platform/weapon  available,  the  flexibility  of 
that  asset  to  engage  different  types  of  targets, 
and  the  range  (time)  needed  to  engage  a 
given  target.  Obviously,  if  a  theater  has  a 
high  number  of  resources  available  to  it,  if 
the  current  platform/weapon  combination  is 
easily  engaged  against  multiple  target  types, 
or  the  range  from  a  current  target  to  a  new 
one  is  small,  then  both  the  mission  and 
campaign  level  commanders  have 
considerable  latitude  in  mission 
re-planning  (all  other  things 
being  equal). 

Target  lifetime.  This  is  the 
time  that  a  target’s  location  and 
defenses  can  be  reliably  tracked 
by  the  current  information 
resources  brought  to  bear.  A 
tank  column  in  motion  with 
mobile  air  defense  units  is 
representative  of  a  short  target 
lifetime.  A  power  plant  with 
fixed  defensive  units  has  a 
longer  lifetime  and  the  time  that 
it  is  to  be  neutralized  is 
dependent  on  its  function  rather 
than  its  availability  as  a  target. 


and  control  capability  is  not  completely 
independent  of  target  lifetime  or  asset 
flexibility,  the  orthogonal  relationship  in 
figure  3  is  notional.  Nonetheless,  a  “go/no- 
go”  decision  should  be  made  based  on  the 
probability  of  mission  success.  Where  and 
how  this  decision  should  be  made,  and  some 
technical  considerations  that  will  enable  the 
decision-making,  is  postponed  to  section  VI 
and  VII. 
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Figure  4  Target  Categories 

Influencing  these  considerations  are  the 
command  and  control  capability  of  both 
sensor  to  platform/weapon,  and  within  the 
battle  space.*''  How  accurate  and  timely  is  the 
targeting  information  to  the  platform  crew 
/weapon?  Can  highly  mobile  or  fleeting 
targets  be  tracked  outside  their  “move- 
launch-move-hide”  window?  How  much 
time  will  be  needed  for  mission  re-planning 
activities,  including  possible  mission 
rehearsal?  How  long  will  mission 
coordination,  including  possible  air¬ 
refueling,  SEAD,  electronic  combat  (plus 
airspace  control  over  all  of  these)  take?  Note 
these  questions  concern  both  operational  and 
technology  considerations. 

A  combination  of  these  two  critical 
considerations  could  lead  to  a  given 
probability  of  sortie  success.  Since  command 


V.  Target  Types 

With  the  following  background  in  hand,  four 
different  types  of  targets  are  clear,  with 
different  re-planning  needs  for  each  of  them 
(see  figure  4). 

We  will  deal  with  the  first  three  in  relatively 
cursory  fashion.  The  driver  for  new 
operational  and  technical  considerations  lies 
in  the  fourth  category. 

Lower  priority  targets  have  varying  target 
lifetimes,  but  are  usually  well  within  today’s 
operational  and  technical  capabilities. 
Because  of  their  priority,  they  can  be 
considered  later  in  today’s  or  the  next  day’s 
planning  process.  Missions  against  targets  of 
this  nature  are  routinely  re-planned  at  the 
campaign  level  operations  (the  Air 
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Operations  Center),  or  as  divert  missions  for 
close  air  support. 

High  priority  fixed  targets  have  somewhat 
less  asset  flexibility  and  availability 
associated  with  them,  because  they  must  be 
neutralized  quickly.  Because  air  assets  arc 
either  involved  in  planning  for  or  dedicated 
to  other  operations,  the  mission  re-planner 
will  have  less  flexibility  for  dealing  with 
them.  Mission  re-planning  will  initiate  at 


High  priority  mobile  targets  that  can  move 
easily,  but  must  stop  and  set  up  to  be 
dangerous,  represent  the  class  that  has  the 
best  improvement-priority  product. 
Technology  can  improve  the  probability  of 
hitting  the.se  targets  before  they  can  hide  or 
be  lost  in  a  cluttered  environment.  The 
location  of  such  a  target  must  be 
communicated  through  the  observing  source, 
various  command  information  channels,  to 

the  flight  control 
for  the  designated 
strike  aircraft  and 
to  that  aircraft 
it.self.  In  the  case 
of  a  “smart” 
weapon  the  target 
parameters  must 
also  be 

communicated  to 
the  weapon’s 
guidance  and 
control  system. 
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Figure  5  Considerations  for  killing  fleeting  target  sets  --  two  degrees  of freedom  are  possible 


campaign  level,  with  close  coordination  with 
mission  level  crews  once  resources  arc 
identified.  As  with  the  above,  no  significant 
operational  or  technical  changes  arc  needed. 
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Figure  6,  Families  of  weapons 


VI.  Weapon 

Characteristics 

Today’s  “smart”  weapons  arc  a  far  cry  from 
the  “dumb  bombs”  from  years  past.  The 
weapons  of  the  past  acted  like  chunks  of  iron 
and  simply  fell  toward  the  target.  Today 
weapons  take  on  characteristics  more  like 
piloted  aircraft.  The  w'eapons  fall  into 
families  that  have  varying  degrees  of  aircraft- 
like  characteristics.  The  first  delineation  is 
direct  attack  or  stand  off  In  direct  attack,  the 
pilot  of  the  delivery  aircraft  maintains  visual 
contact  with  the  target  through  launch.  In 
stand  off  attack,  the  pilot  launches  the 
weapon  and  then  can  turn  to  avoid  the 
immediate  target  area. 


A.  Air-to-Surface  Weapon  families 


When  considering  the  different  classes  of 
weapons,  it  is  common  to  consider  first  the 
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separation  of  those  that  are  powered  and 
those  that  simply  fall  or  glide  toward  the 
target.  It  makes  more  sense  first  to  divide 
weapons  into  categories  based  on  whether 
they  are  guided  or  not  and  then  on  the  type  of 
guidance.  Whether  they  are  powered  or  not 
does  affect  range,  but  a  similarly  guided 
unpowered  weapon  can  perform  much  like  a 
powered  cousin  in  short  ranges.  Next,  if  the 
weapon  is  guided,  we  consider  those  that 
have  seekers  and  those  that  have  some  other 
method  for  finding  the  target. 

Without  a  terminal  seeker,  a  weapon  must 
rely  on  some  knowledge  of  its  location.  We 
will  assume  that  a  data  link  or  some  other 
man-in-the-loop  guidance  scheme  is  not 
feasible  without  a  terminal  seeker,  so  the 
weapon  must  determine  its  location 
internally.  Two  common  methods  exist. 

The  first  is  inertial  guidance  based  on 
position,  angle,  and  rate  information 
transferred  from  the  launch  aircraft  to  the 
weapon  prior  to  release.  For  inertial 
guidance  to  work,  the  weapon  must  also 
know  the  inertial  space  location  of  the  target. 
The  target  location  in  the  coordinate  system 
agreed  to  by  the  launch  aircraft  and  the 
weapon  is  one  of  the  primary  parameters 
loaded  from  the  mission  planning  system. 

Inertial  guidance  has  great  benefits  when  first 
considered.  It  is  relatively  simple,  costs  have 
been  falling,  and  it  does  nothing  to  alert  the 
enemy  of  its  presence.  Unfortunately  inertial 
instruments  drift.  The  longer  that  a  weapon 
flies  from  a  known  location,  the  less  precise 
its  estimate  of  its  location  is.  This  translates 
to  a  larger  miss  distance  of  the  weapon 
impact.  This  produces  two  problems.  With 
relatively  small  weapons  and  hardened 
targets  an  unacceptable  miss  distance  can 
cause  the  strike  to  be  ineffective.  The  second 
problem  is  that  of  collateral  damage.  High 
value  targets  are  often  placed  adjacent  to 
civilian  or  religious  facilities.  Accidentally 
hitting  such  a  location  in  the  era  of  CNN  can 
cause  loss  of  will  on  allied  sides,  as  well  as 
strengthening  the  resolve  of  the  enemy. 


Second,  a  method  that  would  reset  the 
inertial  error  before  it  becomes  unacceptable, 
would  keep  miss  distances  within  the 
required  values.  The  Global  Positioning 
System  (GPS)  performs  this  function  well.  A 
receiver  on  the  weapon  constantly  updates 
the  inertial  system’s  estimate  of  position. 
Since  the  inertial  system  can  maintain 
position  accurately  for  short  periods  of  time, 
the  weapon  can  continue  to  guide  during 
GPS  signal  dropout. 

Those  weapons  that  have  terminal  seekers  fly 
out  to  the  target  vicinity  using  inertial 
guidance  and  then  attempt  to  remove  aim 
point  error  by  allowing  a  terminal  seeker  to 
provide  final  guidance  commands  to  hit  the 
target.  Weapons  with  terminal  seekers  may 
be  totally  autonomous,  or  guided  by  some 
external  cueing  device  or  via  a  data  link  from 
a  person  that  has  information  from  the 
trajectory  of  the  weapon. 

Autonomous  seekers  perform  some  form  of 
target  recognition  or  image  analysis  to  detect, 
identify,  and  guide  to  the  target.  The  mission 
planning  information  necessary  for  this  type 
of  seeker  is  quite  complex  and  involves 
building  models  of  the  target  and  being  able 
to  recognize  the  target  in  different  weather,  at 
different  approach  angles,  with  a  portion  of 
the  target  destroyed,  and  with  smoke.  Re¬ 
planning  of  this  type  weapon  is  the  most 
difficult  technically. 

Man-in-the-loop  (MIL)  seekers,  have  some 
form  of  data  link  to  allow  an  operator  to  view 
information  such  as  a  television  or  infrared 
video  stream  from  the  weapon’s  seeker.  The 
operator  must  simply  fly  the  weapon  to  the 
point  on  the  target  previously  designated. 
Mission  planning  for  this  type  of  weapon 
consists  of  inertial  information  to  provide 
flight  path  and  information  such  as 
photographs  that  will  assist  the  operator  in 
recognizing  the  target. 

Cued  weapons  have  a  seeker  that  responds  to 
targeting  information  such  as  a  coded  laser 
spot  on  the  aim  point.  This  is  a  variation  of 
the  MIL  seeker  but  in  the  conventional  MIL 


17-10 


system,  the  weapon  operator  is  located  in  the 
launch  aircraft  or  another  aircraft  in  the 
flight.  In  a  cued  system  the  person 
controlling  the  terminal  approach  of  the 
weapon  (target  designator)  may  be  anywhere 
within  visual  range  of  the  target.  Mission 
planning  for  cued  systems  involves  providing 
targeting  information  to  the  designator  as 
well  as  ensuring  the  proper  inertial  flight  of 
the  weapon  to  a  point  where  cued  guidance  is 
possible. 

B.  Route 

The  route  from  takeoff  to  weapon  impact  for 
a  stand  off  weapon  is  divided  into  distinct 
and  separate  activities.  The  carrier  aircraft 
transports  the  weapon  to  a  launch  point 
within  the  weapon’s  range  of  the  target.  This 
launch  point  does  not  have  to  be  exactly 
precise;  therefore,  a  region  or  launch 
“basket”  is  defined.  The  target  location, 
weapon’s  range,  and  the  flight  dynamics  of 
the  weapon  define  the  size  and  position  of 
the  launch  basket.  A  truly  stand  off  weapon 
will  navigate  in  an  aircraft  fashion  using  way 
points  and  route  segments  to  avoid  threats 
and  obstructions  to  a  terminal  transition  point 
or  terminal  basket.  Each  of  these  route 
segments  must  be  flown  to  avoid  most  if  not 
all  of  the  danger  from  ground  based  anti¬ 
aircraft  weapons.  The  terminal  ba.sket,  in  the 
vicinity  of  the  target,  is  much  smaller  and  the 
exact  location  of  the  weapon  is  much  more 
critical  than  the  weapon  launch  basket. 
During  the  terminal  phase,  the  weapon  can 
perform  high  G  maneuvers  to  approach  the 
target  at  the  exact  aim  point  and  at  an 
effective  impact  angle.  It  is  the  purpose  of 
mission  planning  to  build  routes  that  will 
minimize  this  danger. 

VII.  Re-planning  Requirements 

Since  re-planning  before  weapon  take  off  can 
be  worked  as  a  modification  of  the  normal 
planning  process,  we  will  only  discuss  in¬ 
route  re-planning.  Each  type  of  weapon 
presents  a  different  problem  and  opportunity 
in  re-planning.  A  direct  attack  weapon  with 


no  guidance  capability  is  planned  and  re¬ 
planned  just  as  the  carrier  aircraft,  because 
there  are  no  other  methods  for  affecting  the 
performance  of  the  weapon  other  than 
through  ejection/launch  conditions. 

In  order  to  re-target  an  inertial  guided 
weapons  in  route,  the  new  target’s 
coordinates  in  inertial  space  must  be 
communicated  to  the  navigation  and 
guidance  systems  both  on  the  launch  aircraft 
and  the  w’eapon.  This  requires  some  data 
path  from  the  analysis  center,  surveillance 
aircraft,  or  other  source  with  precise 
knowledge  of  the  precise  location  of  the 
target  and  aim  point.  The  position 
information  must  be  transmitted  to  the  launch 
aircraft,  assuming  that  the  target  location 
system  is  not  on  the  launch  aircraft, 
proccs.scd,  and  then  communicated  to  the 
weapon.  This  also  requires  that  the  aircraft 
can  transmit  location  data  to  the  weapon. 
Therefore,  an  inertially  guided  weapon  that  is 
programmed  on  the  ground  and  then  carried 
on  an  older  aircraft  without  a  weapons  bus 
cannot  be  re-targeted  (re-planned)  in  route. 

Re-targeting  of  a  GPS-aided,  inertially 
guided  weapon  has  essentially  the  same 
requirements  to  transmit  target  position 
information  from  the  planner  to  the  weapon. 

Weapons  with  an  operator  in  the  guidance 
loop  must  be  given  the  approximate  position 
w'here  terminal  (MfL)  guidance  is  to  begin  so 
that  when  the  seeker  is  turned  on,  the  target 
is  in  the  weapons  field  of  view.  The  operator 
who  guides  the  weapon  during  the  terminal 
phase  to  target  impact  must  be  given 
information  (pictures,  maps,  and/or 
diagrams)  to  find,  recognize,  and  positively 
identify  the  target  and  to  select  and  track  the 
aim  point. 

Re-targeting  for  an  autonomously  guided 
weapon  represents  the  greate.st  challenge. 

The  initial  targeting  involved  building 
models  of  the  target,  determining  feature 
vectors,  analyzing  the  effect  of  approach 
angle  on  the  appearance  of  target,  and  many 
other  operations.  To  retarget  an  autonomous 
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weapon,  all  of  these  steps  are  necessary 
along  with  the  necessity  to  transmit  target 
recognition  information  to  the  weapon.  This 
requires  significantly  greater  bandwidth  of 
data  communication  between  the  planner  and 
the  weapon. 

The  re-targeting  of  cued  weapons  is  similar 
to  that  of  the  man-in-the-loop  weapons. 
Position  of  the  release  point  from  the  aircraft 
or  the  point  where  the  weapon  goes  into 
terminal  mode  must  be  transmitted  to  the 
aircraft  and  weapon.  Also,  the  exact  target 
information  and  aim  point  has  to  be 
transmitted  to  the  operator  of  the  illuminator 
or  cueing  device. 


A.  Information  flow/technical 
requirements: 

Each  of  the  above  methods  that  require 
transmission  of  targeting  data:  to  the  aircraft 
or  weapon  introduce  required  analysis  of 
bandwidth  of  targeting  information, 
communications  capability  and  bandwidth  to 
the  weapon,  ability  to  adapt  to  changing 
requirements,  range  of  possible 
communications,  etc.''  The  result  of  this 
analysis  for  each  weapon  will  create 
individual  specifications  for  the 
communications  scheme. 

B.  Operational  requirements: 

The  operational  requirements  may  represent 
a  more  difficult  decision  than  the  technical. 
This  analysis  must  determine:  Who  should 
decide  when  and  how  to  re-plan  and  attack? 
What  information  does  the  shooter/decision¬ 
maker  need?  What  information  does  he 
definitely  not  need?  These  and  other 
questions  must  be  addressed  in  concert  with 
the  technical  requirements. 


VIII.  Implications  for  Unmanned 
Tactical  Aircraft  (UTA) 

UTAs  can  contribute  to  the  solution  space  - 
they  can  help  either  axis  to  increase  our 
effectiveness.  They  can  increase  the  target 
visibility  lifetime  axis  by  loitering  in  areas  of 
prospective  target  availability  to  be  on  station 
to  observe  a  target  that  becomes  visible. 

Also  they  can  increase  the  weapon 
availability  axis  by  carrying  weapons  or 
designators  so  that  once  a  target  is  detected, 
they  can  participate  in  its  neutralization. 

Information  transfer  of  targeting  information 
is  similar  for  UTAs  to  that  for  weapons.  The 
UTA  will,  however,  generally  also  provide 
intelligence  information  from  their 
operational  area  to  the  various  command 
centers. 

IX.  Philosophical  Considerations 

The  idea  of  a  pilot  or  flight  leader  redirecting 
a  weapon  strike  generally  goes  against  the 
current  ‘centralized  planning,  decentralized 
execution’  much  prized  by  today’s  planners. 
This  is  in  reaction  to  past  campaigns  where 
much  of  the  massing,  surprise,  flexibility, 
and  economy  of  force  that  air  power  brings  to 
a  campaign  was  lost  when  that  air  power  was 
parceled  piecemeal  out  to  ground  forces. 


The  operational  considerations  listed  above, 
in  particular  with  delegation  of  ‘clear  to 
shoot’  authority,  and  relaxation  of  rules  of 
engagement  (ROE),  will  be  a  long  time 
coming.  In  fact,  the  technology  will  almost 
certainly  have  to  be  present  and  the  operators 
thoroughly  comfortable  with  it  before  any 
movement  downward  in  clearance  to  release. 
Ironically,  that  same  technology  that  brings  a 
flow  of  information  into  the  shooter,  and  that 
should  bring  greater  freedom  to  him,  may 
also  be  feared  by  him.  The  same 
communications  suite  that  carries  vital 
targeting  information  to  him  could  just  as 
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easily  transmit  data  back  to  the  command 
center  and  mean  that  a  flag  officer  could 
read  his  HUD  and  direct  him  when  and  how 
to  engage  a  target. 

X.  Conclusion 

Technical  solutions  exi.st  to  the  problem  of 
redirecting  weapons  to  new  targets  if  those 
new  targets  can  be  located  and  the 
information  communicated  to  the  attacking 
aircraft.  Each  of  the  types  of  guided 
weapons  discussed  has  a  mechanism  for 
target  position/recognition  information  to  be 
stored  and  used.  For  redirection  to  be 
accomplished,  some  form  of  communications 
channel  must  be  established  from  the  target 
selecting  person  to  the  aircraft,  weapon,  and, 
if  applicable,  the  designator.  With  some 
weapon  systems,  the  necessary 
communications  channels  only  need  minor 
modifications,  with  others  new  equipment 
and  significant  changes  are  necessary  to  the 
aircraft  and  weapon.  These  channels  can  be 
established  with  today’s  technology,  but 
fundamental  changes  arc  necessary  to  the 
planning  doctrine. 
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1.  SUMMARY 

The  CL-327  vertical  take-off  and  landing  unmanned 
air  vehicle  has  a  payload  carrying  capability  of  100  kg 
and  an  on-station  endurance  of  4.75  hours  at  100  km 
(based  on  50  kg  payload).  Although  similar  to  that 
of  the  CL-227,  the  pitch,  roll,  yaw  and  height 
autopilots  have  been  modified  and  improved  to 
account  for  the  capabilities  and  dynamics  of  the  CL- 
327.  The  advanced  guidance,  navigation  and  control 
functions  include  GPS/DGPS-aided  flight,  waypoint 
guidance,  automatic  (vertical)  take-off  and  landing  as 
well  as  autonomous  flight  without  the  intervention 
from  the  surface  element.  Because  of  these  and  other 
advanced  features,  the  CL-327  is  the  world’s  most 
advanced  VTOL  UAV  in  production  today. 

2.  INTRODUCTION 

Today’s  peacekeeping  and  warfighting  challenges 
require  mobility,  flexibility  and  up  to  date 
information.  Systems  that  permit  immediate  decision 
making  by  the  on-scene  commander  will  make  the 
difference  in  regional  conflicts  and  contingency 
operations.  Early  use  of  Unmanned  Air  Vehicles 
(UAV)  internationally  has  confirmed  their  value  in 
filling  this  role.  The  requirement  to  deliver 
information  to  the  intended  users  in  a  timely  manner 
necessitates  a  UAV  system  which  carefully  integrates 
the  air  vehicle,  the  sensors,  the  image  processing  and 
the  armed  forces  command,  control,  communication 
and  information  (C^I)  architecture  into  a  coherent 
whole! 

The  CL-327  system  comprises  an  enhanced  version  of 
the  Bombardier/Canadair  CL-227  Vertical  Take-Off 
and  Landing  (VTOL)  Sentinel  air  vehicle  [1],  and  a 
Macdonald  Dettwiler  and  Associates  (MDA)  UAV 
Control  Station  (UCS)  and  image  exploitation  system. 
The  airborne  elements  of  the  system  include  the  Air 
Vehicle  (AV),  ELTA’s  digital  Air  Data  Terminal 
(ADT),  and  high  performance  sensors  including  color 
daylight  TV,  spotter  camera,  Forward  Looking 
Infrared  (FLIR)  and  laser  range  finder.  These  airborne 
elements  offer  superior  capabilities  for 
reconnaissance,  surveillance  and  target  acquisition  in 
all  situations.  The  ground  elements  include  the  UCS, 
the  Ground  Data  Terminal  (GDT),  and  the  launch  and 
recovery  equipment.  The  UCS  capabilities  include 
UAV  flight  planning,  control  and  monitoring,  sensor 
control,  image  correction  and  analysis,  real-time  data 


capture,  and  displaying  of  graphical  and  geographical 
information. 

The  CL-327  has  an  endurance  of  6.25  hours 
(compared  to  2.5  hours  for  the  CL-227),  a  ceiling 
altitude  of  5500  m  (compared  to  3000  m),  and  a 
payload  carrying  capability  of  100  kg  (compared  to  25 
kg).  The  CL-327  air  vehicle  VTOL  characteristics 
allow  for  launches  and  recoveries  from  confined  areas 
typically  10  m  x  10  m  enabling  formations  to 
minimize  the  likelihood  of  detection.  Its  hovering 
capability  permits  continuous  surveillance  of  a  single 
point  in  cluttered  areas  such  as  cities. 

The  paper  first  describes  the  general  characteristics 
and  specifications  of  the  CL-327.  The  flight 
performance  of  the  AV  is  then  presented,  followed  by 
the  guidance,  navigation  and  control  functions. 
These  include  GPS/DGPS-aided  and  inertial 
navigation,  automatic  take-off  and  landing,  waypoint 
guidance  as  well  as  autonomous  flight.  Flight  testing 
is  discussed  next  in  Section  7.  The  paper  concludes  by 
presenting  some  future  developments  of  the  CL-327 
air  vehicle. 

3.  THE  CL-327  AIR  VEHICLE 
3.1  General  Description 

The  air  vehicle  is  a  rotary  wing  type  UAV  using 
counter  rotating  rotors  for  propulsion.  As  illustrated  in 
Figure  3-1,  six  203  cm  long  ARDCO  rotor  blades 
tapered  with  12°  twist  provide  lift  and  control  to  the 
AV.  They  are  made  of  composite  material  with 
protective  tape  against  rain  erosion  on  the  leading 
edge.  They  are  configured  with  a  modified  Gottingen 
airfoil  which  provides  a  high  lift-to-drag  ratio. 

The  rotor  blades  operate  at  a  maximum  speed  of  750 
rpm.  Rotor  speed  is  reduced  to  as  low  as  585  rpm  at 
engine  idle  with  a  minimum  operating  speed  of  650 
rpm.  The  lower  operating  speed  maximizes  fuel 
efficiency  in  loiter  conditions  and  during  flight  in 
light  and  medium  weight  conditions.  The  rotor  blades 
are  installed  in  a  few  seconds  without  any  tools,  as  the 
rotor  blade  shanks  are  secured  in  the  blade  housing 
using  a  pin  and  spring  clip. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
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Figure  3-1:  The  CL-327  VTOL  UAV 


The  CL-327  can  operate  in  ambient  temperatures  of 
-40°C  to  -t-57°C.  It  has  inherent  characteristics  that 
minimize  Infrared  (IR),  acoustic  and  radar  signatures. 
Figure  3-2  presents  a  cut-away  view  of  the  AV  that 
shows  the  major  equipment  excluding  the  blades. 


Figure  3-2:  CL-327  Cutavray  View 

3.2  Engine  and  Transmission 
The  powerhead  consists  of  a  WTS  1 17-5  single  turbo 
shaft  turbine  (100  HP  flat  rated)  utilizing  a  single 
stage  radial  flow  compressor,  an  effusion-cooled 
annular  combustion  chamber  and  a  single  radial 
inflow  turbine.  The  engine  operates  on  heavy  fuel 
(e.g.:  diesel,  JP-4,  JP-5,  JP-8,  JET  A)  without 
requiring  any  adjustments  or  purging.  Fuel  is  supplied 
from  an  externally  mounted  fuel  pump  which  is 
controlled  by  the  Integrated  Avionics  Computer.  The 
upper  fuel  reservoir  (130  1  capacity)  is  located  around 
the  engine  and  is  made  of  carbon  fibre.  It  includes 
baffle  plates  to  reduce  sloshing  of  fuel  and  it  is  vented 
to  atmosphere.  It  is  linked  to  the  lower  fuel  reserxoir 


which  can  contain  up  to  50  I  of  fuel  The  upper  fuel 
reservoir  attaches  directly  to  the  engine  gearbox  and 
includes  fuel  level  sensors.  In  order  to  transmit  power 
from  the  engine  to  the  two  rotor  hubs,  the  powerhead 
is  mated  to  a  two  stage  reduction  gearbox  utilizing 
spur  gears. 


3.3  Propeller  Module 

The  propeller  module  is  located  in  the  central  part  of 
the  vehicle  and  houses  all  mechanical  elements 
required  for  AV  propulsion  in  terms  of  thrust  and 
control  moments.  The  main  structural  element  is  an 
aluminium  center  tube.  Located  at  each  end  arc  the 
upper  and  lower  rotor  hub  assemblies  with  blade 
retention  and  blade  feathering  mechanism.  Located 
on  a  slider  between  the  two  hubs  is  the  swashplate 
assembly.  Three  linear  electrical  actuators  arc 
mounted  equally  spaced  around  the  base  of  the  center 
tube  attached  to  the  swashplate.  Pitch  links  from  the 
swashplate  arc  attached  to  the  blade  retention 
assembly.  Equal  extension  of  the  linear  actuators 
provides  control  of  the  collective  blade  pitch  angle, 
while  differential  extension  provides  cyclic  angle 
control  for  pitching  and  rolling  motions.  An 
additional  three  actuators  mounted  on  the  swashplate 
provide  differential  collective  between  the  two  rotors 
for  yaw  control.  By  changing  the  distance  between 
the  two  rotating  rings  to  which  the  upper  and  lower 
hub  pitch  link  attach,  the  collective  angle  between  the 
upper  and  lower  rotor  blades  is  changed  thus  inducing 
different  drag-based  torque  reactions  leading  to  a  net 
yaw  moment 


3.4  Lower  Structure 

The  lower  structure  is  made  of  composite  materials 
and  houses  all  avionics  equipment  (100  1  capacity), 
the  ADT,  the  fuel  distribution  system,  landing  struts, 
as  well  as  the  Sensor  Package  (90  1  capacity). 

The  main  avionics  equipment  of  the  vehicle  is  the 
Integrated  Avionics  Computer  (lAC).  It  consists  of 
two  i960  processors:  the  Flight  Control  Processor 
(FCP)  and  the  Navigation  Control  Processor  (NCP).  It 
also  includes  an  Inertial  Measurement  Unit  (IMU) 
using  fibre-optic  gyros,  a  GPS  receiver,  an  Engine 
Controller  Unit,  a  Barometric  Altitude  Reference  Unit 
(BARU)  and  a  Power  Supply  Unit  (PSU),  The  lAC 
provides  for  multi-mode  navigation,  guidance,  vehicle 
control  and  stabilization,  altitude  computations,  sensor 
control,  engine  control  and  built-in  tests. 

The  landing  struts  allow  safe  and  damage-free 
landings  for  maximal  velocities  of  2.5  m/s  vertically 
and  0.5  m/s  horizontally,  and  roll  angles  of  up  20°. 
They  arc  made  of  composite  materials  and  arc 
interchangeable  Thc\’  arc  equipped  with  proximity 
sensors  to  determine  the  moment  the  AV  becomes 
airborne  and  when  it  touches  the  ground. 
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4.  FLIGHT  PERFORMANCE 

4.1  Aircraft  Operating  Envelope 

The  operating  envelope  for  the  CL-327  AV  is  shown 
in  Figure  4-1.  The  International  Standard  Atmosphere 
(ISA)  day  flight  envelope  shows  that  the  AV  with  a 
maximum  take-off  mass  of  350  kg  has  a  hover 
capability  up  to  a  density  altitude  of  2740  m,  an 
operating  ceiling  of  5500  m,  and  can  achieve  a 
maximum  dash  true  airspeed  of  85  kts  (157  km/h). 
Table  1  summarizes  the  main  characteristics  of  the 
CL-327. 

I - 1 


FIGURE  4-1:  CL-327  Operating  Envelope,  ISA  day 
(Preliminary  data) 

4.2  On-Station  Endurance 

The  on-station  endurance  of  the  CL-327  is  based  on 
the  mission  profile  of  Figure  4-2.  The  AV  operation 
during  each  mission  leg  is  optimized  in  terms  of 
airspeed  and  rotor  speed,  so  as  to  maximize  the  time 
on  station  at  a  given  range. 


Rate  of  climb 

7.6  m/s 

Service  ceiling 

5500  m  ASL 

Maximum  speed 

85  kts  (157  km/h) 

Minimum  speed 

Hover 

Endurance 

6.25  hrs  (4.75  hrs  at  100 
km  with  50  kg  payload) 

Radius  of  action 

100  km  (200  km  option) 

Max.  launch  weight 

350  kg 

Max.  payload  weight 

100  kg 

Table  1:  CL-327  Preliminary  Specifications 


The  vehicle  take-off  mass  is  set  to  350  kg,  including  a 
fuel  load  of  150  kg  and  a  payload  mass  of  50  kg 
which  represents  the  weight  of  a  typical  payload.  A 
pre-launch  fuel  allocation  of  2  kg  was  used,  which 
corresponds  to  a  5  minutes  warm-up  period  plus  take¬ 
off  fuel.  Fuel  reserves  are  based  on  30  minutes  hover 
50  m  above  the  recovery  density  altitude.  The  30 
minutes  reserve  can  easily  be  extended  if  maximum 
endurance  loiter  is  used  instead.  Figure  4-3  provides 
the  on-station  endurance  as  a  function  of  range  for 


take-off  at  sea  level,  a  cruise  altitude  of  3000  m,  and 
loiter  altitudes  of  2000  and  3000  m.  These  results 
show  that,  for  a  100  km  range  mission,  the  maximum 
on-station  endurance  is  4.75  hours. 


MISSION  PROFILE 

RPM 

Launch  at  350  kg  at  indicated  densHv  altitude 

750 

Maxfmulm  ROC  climb  to  cruise  attitude 

750 

Best  cruise  to  radius  of  action 

750 

Descent  to  loiter  attitude 

650 

Loiter  on  station  at  mammuim  endurance  speed 

650 

Maximum  ROC  climb  to  cruise  altitude 

750 

Best  cruise  back  to  launch  point 

650 

Descent  to  recovery  attitude  *  50m 

650 

Hover  at  recovery  attitude  *  SOm  ft>r  30  min 

650 

\^rtlcat  landing  to  recovery  attitude 

650 

Figure  4-2:  Typical  Mission  Profile 


The  long  endurance  of  the  AV  is  achieved  by 
operating  the  rotor  blades  at  two  different  rotational 
speeds;  750  rpm  for  full  power  and  650  rpm  for 
moderate  power. 


Figure  4-3:  CL-327  On-station  Endurance 
(Preliminary  data) 


4.3  Operation  in  Icing/Rain  Conditions 

The  CL-327  has  inherent  characteristics  which  make  it 
less  susceptible  to  ice  formation  during  flight  and, 
therefore,  does  not  have  a  built-in  de-icing  system. 
Operational  deployment  of  the  AV  under  severe 
conditions  at  sea  (North  Atlantic,  North  Sea)  has  been 
demonstrated  without  the  need  for  de-icing  capability 
while  on  the  ground.  The  AV  structure  will  withstand 
6  mm  of  ice  and  13  mm  of  snow,  when  fitted  with 
protective  covers.  Accumulated  ice  and  snow  must  be 
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removed  manually  prior  to  flight.  The  actuation 
mechanism  for  control  of  the  blades  arc  covered  with 
"spinners"  which  effectively  prevent  ingress  of  ice  and 
snow  to  the  eritical  moving  parts.  Because  of  the 
leading  edge  protective  tape,  the  CL-327  rotor  blades 
can  operate  in  continuous  rain  of  up  to  1.5  cm/hr. 

5.  GUIDANCE,  NAVIGATION  AND  CONTROL 
FUNCTIONS 

5.1  Description 

The  Guidance,  Navigation  and  Control  (GNC) 
functions  of  the  CL-327  are  depicted  in  Figure  5-1. 
The  Navigation  function  provides  estimates  of  the  AV 
translational  and  angular  position  and  velocity'  to  both 
the  Guidance  and  Flight  Control  functions.  The 
Guidance  function  elaborates  high-level  commands  to 
make  the  AV  follow  a  flight  path.  These  commands 
are  automatically  converted  into  low-level  commands 
which  arc  then  implemented  by  the  Flight  Control 
System  (FCS),  responsible  for  stabilizing  the  AV  in 
flight.  Both  the  Guidance  and  Control  functions  arc 
implemented  in  the  FCP,  which  also  takes  care  of 
communication,  mission  control  and  monitoring, 
envelope  protection,  system  management,  engine 
control  and  error  management. 


Figure  5-1:  High-Level  Architecture  of  the 
Guidance,  Navigation  and  Control  Functions 


The  combination  of  the  GNC  functions  with  different 
communication  modes  give  rise  to  advanced 
capabilities  such  as  automatic  and  autonomous  flight 
as  well  as  automatic  take-off  and  landing  which  will 
be  detailed  in  the  following  sections. 

5.2  Flight  Control  Functions 

The  FCS  structure  is  illustrated  in  Figure  5-2.  The 
Guidance  commands  for  height,  yaw  and  horizontal 
(ground)  velocity  (i.e.  tilt  and  tilt  heading)  arc 
transmitted  to  the  FCS.  These  commands  arc  first 
converted  into  equivalent  roll,  pitch  and  yaw 
commands  for  the  corresponding  roll,  pitch  and  yaw 
autopilots.  Motion  feedback  is  provided  by  the 
Navigation  function.  The  height,  roll  and  pitch 
autopilots  arc  mixed  together  and  act  on  the  AV 
swashplate  which  then  sets  the  average  collective  and 


cyclic  angles  of  the  two  rotors.  The  yaw  is  controlled 
directly  by  changing  the  differential  collective  angle. 
In  order  to  maintain  the  same  average  collective  angle, 
the  Collective  Mix  must  compensate  any  increase 
(decrease)  in  diffcrcntal  collective  by  decreasing 
(increasing)  the  collective. 


Figure  5-2:  High-Level  Architecture  of  the  Flight 
Control  System 


5.2.1  Flight  Control  Design 

The  CL-327  is  symmetrical  about  the  central  axis  and 
can  tilt  in  any  direction  of  flight.  Operating 
requirements  dictated  the  control  strategy  in  the 
design  of  the  CI.-327  FCS.  It  consists  of  four 
independent  digital  control  loops,  namely  pitch,  roll, 
height  and  yaw,  and  was  designed  from  a  linearized 
model  of  the  vehicle’s  dynamics.  Because  of  the 
inherent  instability  of  the  airframe,  the  dynamic  time 
response  is  completely  dominated  by  the  FCS  rather 
than  by  aerodynamics.  Figure  5-3  shows  the  dynamic 
time  response  around  the  pitch  axis  to  a  square  pulse 
command. 


CL-327  Pitch  PiJse  In  Forward  Flight 


Figure  5-3;  CL-327  Pulse  Response  (Theoretical) 


18-5 


5.2.2  Manoeuvre  Performance 

The  CL-327  is  not  designed  for  manoeuvre 
performance.  The  only  benefit  of  manoeuvre 
performance  is  to  reduce  turn  radius  for  more 
flexibility  in  target  tracking.  With  the  CL-327,  a 
payload  can  easily  provide  this  flexibility.  The  air 
vehicle  only  requires  sufficient  cyclic  to  enable 
changes  in  flight  state  and  direction.  Thus  in  the 
operational  version  of  the  CL-327  all  the  manoeuvre 
limitations  will  be  built  into  the  autopilot.  In  order  to 
establish  these  limitations,  flight  tests  will  be 
performed  to  confirm  the  trim  cyclic  requirements, 
and  determine  the  dynamic  cyclic  requirements  during 
manoeuvres.  Figure  5.4  shows  the  theoretical  trim 
cyclic  plotted  against  airspeed  for  different  ambient 
conditions. 


design  will  be  validated  during  in-house  rig  testing 
prior  to  the  first  flight  at  the  tether  facility. 


CL-327  Cyclic  vs  Velocity  for 750  RPM  Engine  Speed,  245kg  Mass 


Figure  5-4:  CL-327  Cyclic  vs  Velocity  for  750  RPM 
Conditions  (Theoretical) 

5.2.3  Pitch  and  Roll  Design 

The  response  of  the  CL-327  pitch  and  roll  controllers 
was  designed  to  be  similar  to  the  CL-227.  An 
adaptive  gain  ensures  that  the  response  remains  the 
same  under  all  ambient,  mass,  and  engine  speed 
conditions.  The  basic  closed  loop  design  criteria  were 
that  the  overshoot  be  less  than  3db,  and  the  bandwidth 
be  at  least  12rad/sec.  The  open-loop  response  criteria 
required  at  least  4dB  gain  and  20deg  phase  margin. 
The  lower-than-normal  specifications  in  phase  and 
gain  margins  are  permitted  as  the  CL-327  is  not  a 
manned  aircraft.  They  are  improved,  however,  over 
the  CL-227,  mainly  due  to  reduced  forward  and 
reverse  path  delays  as  the  lAC  is  approximately  6 
times  faster  than  the  original  Canadair  Inertial 
Navigation  Processor  (INP).  A  typical  closed-loop 
response  is  illustrated  in  Figure  5-5. 


Figure  5-5:  CL-327  Closed-Loop  Response 
(Theoretical) 

5.2.5  Height  Control  Design 

The  height  autopilot  was  re-designed  for  the  CL-327. 
Previously  height  control  for  the  CL-227  had  been 
limited  due  to  the  complementary  filter  relying 
heavily  on  the  barometric  pressure  due  to  inaccuracies 
in  the  z-acceleration  sensor.  This  created  control 
problems  when  the  local  pressure  around  the  AV  was 
no  longer  representative  of  the  actual  altitude.  The 
worst  occurrences  were  during  the  landing  phase 
(ground  effect),  and  during  low  airspeed  descents 
(vortex  ring  effect).  However,  with  the  NCP,  the 
accuracy  and  reliability  of  the  measured  height  signals 
has  been  significantly  improved.  Consequently  minor 
changes  in  pressure  will  now  no  longer  affect  the 
control  of  the  AV  in  height.  The  climb  and  descent 
rates,  previously  fixed  at  -1.5  m/s  and  -1-2.0  m/s,  will 
now  be  variable  between  -5  m/s  and  +1.6  m/s.  The 
maximum  allowable  descent  rate  will  be  limited 
depending  on  the  airspeed  to  avoid  a  real  vortex  ring 
condition.  The  ability  to  specify  the  climb  and 
descent  rates  will  also  allow  the  automatic  navigation 
to  perform  line-of-sight  waypoint  navigation  in  the 
vertical  axis. 

5.2.6  Other  Design  Modifications 

Several  other  control  design  modifications  were 
implemented  during  the  upgrade  from  the  CL-227  to 
the  CL-327,  as  follows: 

•  The  delta  rpm  monitoring  and  excursion 
detection  modes  were  removed. 


5.2.4  Yaw  Control  Design 

The  response  of  the  CL-327  yaw  was  also  designed  to 
be  similar  to  the  CL-227,  however  the  basic  control 
format  was  modified  to  take  into  account  the 
replacement  of  the  clutches  by  a  differential  collective 
system.  An  adaptive  gain  was  required  to  adjust  for 
changes  in  inertia,  collective  and  engine  speed.  The 


•  The  landing  detection  scheme  was  simplified  as 
landing  leg  sensors  were  included  in  the  design. 

•  The  Exhaust  Gas  Temperature  (EGT)  limiter  was 
redesigned  for  the  new  engine  and  transmission. 

•  A  new,  more  flexible  swashmix  design  was 
implemented. 
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•  A  ground  velocity  controller  mode  was  added, 
controlled  by  the  joystick  or  through  the 
automatic  navigation. 

5.3  Automatic  Guidance  Function 

The  Guidance  function  of  the  CL-327  allows  the  AV 
to  follow  a  flight  path  which  is  either  pre-defined 
(automatic  guidance)  or  controlled  manually  by  an 
operator  from  the  ground  using  a  joystick  (manual 
guidance).  In  manual  guidance,  either  the  AV  tilt  or 
air  velocity  can  be  controlled.  In  automatic  guidance, 
the  flight  path  is  defined  with  a  series  of  waypoints  in 
between  which  the  AV  will  follow  straight  lines. 
Each  of  these  waypoints  (maximum  255)  is  defined  by 
a  series  of  parameters  including: 

•  latitude,  longitude  and  altitude; 

•  speed  (in  between  two  waypoints); 

•  stop_at_viaypt  (TRUE:  stop  there  until 
further  notice),  FALSE:  continue  to  next 
waypoint); 

•  mission_ends_at  (TRUE:  end  mission, 
FALSE:  continue  to  next  waypoint). 

The  structure  of  the  waypoint  definition  allows  for  a 
great  flexibility  in  the  elaboration  of  mi.ssion  plans. 
For  instance,  it  is  possible  at  any  time  during  a 
mission  to  modify  any  of  the  waypoints  parameters, 
for  one  or  several  waypoints.  The  editing/definition 
of  the  mission  plan  is  normally  performed  by  an 
operator  at  the  UCS  using  a  graphical  interface.  The 
modified  plan  is  first  validated  and  then  uplinked  to 
the  AV. 

5.4  Navigation  Function 

The  Navigation  function  is  provided  by  the  NCR 
which  receives  data  from  the  difTcrent  sensors.  The 
Integrated  Navigation  Filter  (fNF)  automatically 
selects  the  bc.st  navigation  mode  based  on  sensor 
availability  and  uses  Kalman  Filtering  to  compute 
accurate  position/vclocity  estimates.  The  INF  also 
performs  in-flight  calibration  of  the  gyroscopes  and 
accelerometers. 

5.4.1  Navigation  Modes 

For  horizontal  navigation,  in  order  of  priority,  the 
following  (main)  modes  arc  used:  DGPS-aidcd.  GPS 
aided,  GDT-aided,  and  dead  reckoning.  In  GDT-aided 
mode,  the  INF  is  driven  with  position  fixes  computed 
from  the  UCS  based  on  GDT  air  vehicle  tracking  data 
No  velocity  updates  arc  used  in  this  ease.  In  dead 
reckoning  mode,  the  IMU  is  used  to  compute  the 
estimates  ba.scd  on  the  aerodynamic  characteristics  of 
the  AV. 

For  vertical  navigation,  the  3-D  DGPS/GPS  position 
and  velocity  updates  arc  integrated  with  the  BARU- 
derived  altitude  and  inertial  measurements  (integrated 


mode).  When  3-D  DGPS.'GPS  data  arc  not  available, 
the  BARU  and  IMU  measurements  arc  used. 

5.4.2  Airspeed  Estimate 

Since  the  CL-327  is  symmetrical,  there  is  no  nose  on 
which  to  mount  a  pitot  tube.  Furthermore,  the  yaw 
system  is  used  to  point  the  ADT  back  to  the  GDT  so 
there  is  no  simple  way  of  determining  airspeed. 
Because  of  this,  the  Navigation  Function  includes  a 
Wind  Estimator.  An  on-board  drag  curse  is  used, 
ba.sed  on  ambient  and  AV  conditions,  to  determine  the 
theoretical  airspeed.  This  airspeed  is  then  displayed  in 
the  UCS  for  the  operator.  The  drag  curve  is 
determined  experimentally  by  performing  steady  state 
runs  at  different  tilt  angles  within  a  localised  area  to 
minimise  wind  variations.  With  an  accurate  ground 
speed  measurement,  the  wind  speed  can  be  estimated 
by  taking  the  difference  in  ground  speeds  of  opposing 
runs  at  the  same  tilt  angle.  By  performing  these  tests 
several  times  a  solid  database  can  be  built  that 
accurately  represents  the  airspeed  of  the  CL-327, 
which  can  then  be  implemented  in  the  on-board  FCP. 

In  dead-reckoning,  the  wind  estimator  is  frozen,  so  the 
accuracy  of  the  computed  position  depends  on  the 
steadiness  of  the  wind. 

5.5  Communication  Modes  and  Autonomous  Flight 

The  CL-327  AV  has  the  ability  to  automatically  carry 
out  a  pre-programmed  mission  with  or  w'ithoiit 
intervention  from  the  surface  (ground  or  ship) 
element.  When  the  uplink  is  intentionally 
interrupted,  the  AV  is  said  to  be  in  autonomous  flight 
mode  In  this  ease,  the  AV  relies  solely  on  the  inputs 
from  airborne  instruments  as  depicted  in  Figure  5-6. 
Autonomous  flight  mode  is  achieved  by  combining 
automatic  guidance  with  either  the  silent  or  downlink- 
only  communication  modes.  The  main 

communication  modes  and  features  of  the  CL-327  arc 
the  following: 

•  Normal  mode:  Bi-directional  communications 
between  the  AV  and  surface  element. 

•  Silent  mode:  Uplink  and  downlink  arc 
intentionally  interrupted.  The  AV  follows  a  pre¬ 
defined  flight  path. 

•  Downlink  only  mode:  Uplink  only  is 
intentionally  interrupted.  This  allows  the  AV  to 
send  imagery  data  to  the  surface  element  upon 
arrival  at  the  mission  area. 

•  Unscheduled  mission  plan  update:  In 

autonomous  flight  mode,  the  AV  is  constantly  on 
the  look-out  for  an  unscheduled  re-establishment 
of  the  link  by  the  surface  element  or  from  another 
Operational  (OP)  Section. 

•  Handover  mode:  During  flight,  a  request  is  sent 
to  the  AV  to  hand  over  the  control  to  a  different 
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UCS  and/or  GDI. 

•  Inter  AV  communication:  The  AV  always  listens 
to  possible  messages  from  another  AV  (see 
Section  8.2  on  Multiple  Air  Vehicle  Operation). 


Function  (Autonomous  mode) 

Table  2  presents  a  summary  of  the  CL-327  main 
navigation,  guidance,  and  communication  modes. 

5.6  Reversionary  Recovery  Mode 

As  a  safety  feature,  the  AV  reverts  to  a  reversionary 
operation  mode  if  loss  of  link  has  occurred  as  depicted 
in  Figure  5-7.  In  this  mode,  the  AV  climbs  vertically 
at  a  preset  altitude  of  typically  1500  m  Above  Ground 
Level  (AGL).  The  AV  will  keep  this  position  for  10 
minutes,  then  proceed  to  a  preset  reversionary 
waypoint,  and  maintain  it  until  the  fuel  remaining  is 
only  sufficient  to  safely  land  at  which  point  the  AV 
initiates  a  vertical  constant  rate  of  descent  until  it 
reaches  the  ground.  From  the  moment  the  AV  enters 
reversionary  mode  until  it  initiates  the  final  descent, 
the  AV  continuously  attempts  to  re-establish  the  RF 
link  by  yawing  at  a  controlled  rate. 


Navigation 

(Horizontal) 

DGPS  /  GPS  aided 

GDT  aided 

Dead  Reckoning 

Navigation 

(vertical) 

BARU-Inertial 

Integrated  (GPS-BARU-Inertial) 

Guidance 

Automatic  (waypoints) 

Manual  (tilt  or  velocity) 

Communication 

Normal  (bi-directional) 

Silent 

Downlink  only 

Table  2:  Summary  of  CL-327  Modes 


Unintentional  loss 
oflink 


Station  keeping 

AV  yaws  10  min. 

to  reestablish 

RFLink  ^ 

Proceed  to 

reversionary  waypoint 

Station  keeping 
until  fuel  low 


Initiate  vertical 
descent  at  constant  rate 


i 

Land 


Figure  5-7:  Reversionary  Mode 
6.  TAKE-OFF  AND  LANDING 

6.1  Take-Off  and  Landing  Performance 

As  a  Vertical  Take-off  and  Landing  (VTOL)  AV  the 
CL-327  launch  and  recovery  performance  is  simitar  to 
that  of  helicopters.  The  Operational  VTOL  capability 
requires  the  AV  to  achieve  a  vertical  acceleration  of  2 
m/s^  and  Rate  Of  Climb  (ROC)  of  2.5  m/s  in  order  to 
climb  vertically  and  maintain  hover  Out  of  Ground 
Effect  (OGE).  In  the  case  of  the  CL-327,  hovering 
OGE  requires  more  thrust  than  actual  take-off 
acceleration  because  the  proximity  of  the  rotors  to  the 
ground  (about  1  m)  creates  a  ground  effect  which 
provides  supplemental  thrust.  Therefore,  the  take-off 
performance  envelope  is  based  on  hover  OGE.  The 
maximum  take-off  altitude  is  presented  in  Figure  6-1 
as  a  function  of  gross  take-off  mass  and  ambient 
temperature.  This  performance  clearly  indicates  that 
the  AV  is  capable  of  launch  at  nominal  take-off  mass 
of  300  kg  at  density  altitudes  greater  than  4000  m 
under  ISA  conditions.  With  a  maximum  mass  of  340 
kg,  the  AV  can  take-off  at  density  altitudes  of  2740  m. 
Ensuring  that  the  AV  can  maintain  hover  OGE  results 
in  the  vehicle  having  the  capability  of  controlled 
vertical  take-off  and  landing  under  the  same 
conditions. 
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Figure  6-1:  CL-327  Take-off  and  Landing 
Envelope  (Preliminary) 


The  inherent  VTOL  characteristics  of  the  CL-327  AV 
allows  for  operation  in  very  confined  areas  from 
unimproved  (grass/dirt)  surfaces.  Typically,  a 
clearance  of  10x10  m^  is  sufficient  to  carrj’  out 
launches  and  recoveries  with  cross  winds  up  to  30 
knots.  The  dimension  of  the  area  required  is  based  on 
the  rotor  diameter  (4  m)  and  cross  winds.  Within  this 
area,  the  AV  can  be  launched  and  recovered  either  in 
automatic  or  manual  mode. 

6.2  Take-Offand  Landing  Operation 

Automatic  launch  and  recoveries  arc  performed  by 
having  the  UCS  and/or  AV  perform  the  AV  operator 
actions  as  an  “Automatic  Operator”  (AO).  For 
automatic  launch,  the  AO  sends  the  “Launch” 
command  and  automatically  steers  the  AV  toward  the 
first  mission  waypoint.  For  automatic  recovery,  the 
AO  steers  the  AV  above  the  touch  down  point  during 
descent.  For  safety  reasons,  the  operator  can 
intervene  at  any  time  by  commanding  a  wave-off  and 
sending  the  AV  at  a  predetermined  waypoint  away 
from  any  hazardous  areas.  The  system  can  also  be  set 
to  allow  the  operator  to  manually  initiate  the  la.st 
descent  phase  of  recovery. 

6.2.1  Automatic  Launch 

When  the  operator  commands  automatic  launch,  the 
AV  climbs  out  vertically  until  it  clears  any  nearby 
obstacles  (e.g.  trees,  buildings).  Using  the  appropriate 
navigation  mode  and  automatic  guidance,  it  then 
steers  itself  to  the  first  mission  waypoint.  The  VTOL 
characteristics  of  the  CL-327  AV  allows  for  very  high 
flexibility  in  planning  the  launch  profile.  A  typical 
profile  is  depicted  in  Figure  6-2. 

6.2.2  Automatic  Recovery 

In  automatic  recovery,  the  AV  starts  its  approach  after 
successfully  achieving  the  last  mission  waypoint.  At 
this  point,  the  UCS  uplinks  the  ground  DGPS 
correction  data  as  well  as  barometric  reference  data  to 
calibrate  the  BARU.  The  AV  then  follows  a  pre¬ 
planned  approach  profile  until  it  reaches  a  hovering 


position  above  the  touch  down  point  The  AV  then 
proceeds  with  the  final  descent  A  typical  profile  is 
depicted  in  Figure  6-3. 


Figure  6-2:  Typical  Launch  Profile 
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Figure  6-3:  Typical  Approach  Profile 


6.2.3  Manual  Launch  and  Recovery 

During  manual  launch,  the  AV  operator  commands 
“Launch”  and  the  AV  automatically  climbs  at  a 
constant  rate  until  it  reaches  the  preset  altitude  of  the 
first  mission  waypoint.  The  AV  operator  only  has  to 
steer  the  AV  in  the  horizontal  plane  to  reach  the  first 
waypoint.  During  manual  recovery,  the  operator 
brings  the  AV  above  the  touch  down  point  using 
joystick  commands.  When  the  AV  is  hovering  above 
the  touch  down  point,  the  operator  sends  “Land 
Command  ON"  and  the  AV  descends  at  a  constant 
rate  until  touch  down.  During  this  de.sccnt,  the 
operator  simply  has  to  maintain  the  AV  above  the 
touch  down  point  with  the  Joystick. 
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7.  FLIGHT  TESTING 

7.1  Flight  Control  Verification 

The  basic  CL-327  pitch,  roll,  yaw  and  height 
controllers  will  be  verified  through  tether  testing  and 
free-flight.  As  with  any  free-flight  test  program,  the 
flight  envelope  will  be  expanded  around  increasing 
altitude,  forward  speed,  and  mass.  The  basic 
manoeuvering  envelope  will  also  be  proven  through 
controlled  climbs,  dives,  turns,  accelerations  and  de¬ 
accelerations  (tiltbacks).  Following  this  clearance,  the 
improved  automatic  navigation  components  of  the 
CL-327  will  be  tested  and  flown.  Automatic  landing 
and  take-off  using  DGPS  will  finally  be  integrated  and 
tested. 

7.2  Tether  Testing 

Prior  to  the  free-flights,  many  of  the  basic  control 
design  testing  will  be  performed  at  the  Bombardier 
Flight  Center,  located  in  Lawton,  Oklahoma. 

The  ability  to  tether  is  unique  to  VTOL  systems  and 
significantly  reduces  the  risk  to  hardware  in  a 
prototyping  environment.  All  the  basic  autopilots  can 
be  tested  and  proven.  Direct  collective  control  allows 
testing  of  the  pitch,  roll  and  yaw  controllers  without 
being  at  a  flight  collective,  referred  to  as  ‘sitting  on  a 
pawl’,  as  the  AV  is  not  quite  supporting  its  weight. 
The  height-mode  system  can  be  tested  in  full, 
including  height-mode  take-offs,  hover,  and  landings. 
Frequency  response  and  pulse  testing  are  performed  at 
the  tether  by  injecting  the  signal  on  the  uplink  on  top 
of  the  pilot  commands.  A  high  vibration  environment 
is  tested  by  pushing  the  AV  up  to  lOdeg  tilt  against 
the  wire.  The  entire  navigation  control  logic  and 
controllers  is  also  tested  at  the  tether  by  including 
special  test  modes  in  the  FCP  whereby  the  height¬ 
mode  is  disabled,  the  wind  estimates  frozen,  and  the 
AV  navigates  the  waypoints  on  its  own.  In  case  of 
difficulty  the  system  can  be  aborted  at  any  time  and 
the  engine  shut  down  with  no  danger  to  hardware  or 
personnel.  In  case  of  failure,  the  CL-327  on-board 
Health  Manager,  which  records  all  warnings  and 
errors  that  occurred  on  board  the  AV  from  power-up 
to  shut-down,  is  used  as  the  first  line  of  action  in 
confirming  the  cause. 


8.  ONGOING  DEVELOPMENTS 

8.1  Automatic  Flight  Patterns 

Like  other  helicopters,  the  CL-327  vehicle  can  hover 
and  go  straight  up  and  down  however,  it  is  more 
efficient  in  forward  flight.  In  addition  to  waypoints,  in 
order  to  optimize  the  time  on  station  and  range/speed 
of  the  AV,  the  Guidance  Function  will  also  include  a 
series  of  pre-programmed  flight  patterns.  This  will 
allow  for  advanced  manoeuvers  such  as  optimized 


helicoidal  climbs  and  descents,  loitering  and  hovering, 
as  well  as  sensor  patterns.  These  patterns  can  be 
selected  in  the  definition  of  a  mission  plan  from  the 
UCS  graphical  interface. 


Figure  7-1 ;  Lawton  Oklahoma  Tether  Test  Rig 


8.2  Multiple  Air  Vehicle  Operation 

The  CL-327  allows  for  simultaneous  operation  of  two 
AVs,  one  on  station  and  transmitting  data,  and  one 
inbound  or  outbound  but  not  transmitting  data  as 
depicted  in  Figure  8-1.  While  AV  #1  is  on-station  and 
transmitting  data  to  the  UCS  through  the  main  data 
link  (C-band),  AV  #2  is  launched  and  transits 
autonomously  (silent  mode)  to  a  rendez-vous 
waypoint.  This  rendez-vous  waypoint  is  in  the 
vicinity  of  AV  #1  but  with  a  safe  vertical  and 
horizontal  separation.  When  at  destination,  AV  #2 
communicates  with  AV  #  1  by  providing  its  position  at 
regular  intervals.  AV  #1  responds  by  providing  target 
position  and  AV  #2  uses  this  information  to  orient  the 
sensor  towards  the  target.  AV  #1  then  requests 
authorization  to  return  from  the  UAV  Controller;  the 
Controller  authorizes  the  return  and  then  establishes 
the  link  with  AV  #2.  Upon  receipt  of  authorization, 
AV  #1  proceeds  autonomously  towards  the  recovery 
point  following  a  collision  avoiding  path  with  AV  #2. 

This  feature  allows  for  continuous  surveillance  of  a 
target  with  ample  time  for  recycling  the  AVs. 


Figure  8-1:  Multiple  AV  Operation  Concept 

9.  CONCLUSION 

The  CL-327  AV  is  a  robust  and  rcconfigurablc 
system,  based  on  the  flight-proven  CL-227.  The 
Guidance,  Navigation  and  Control  functions  provide  a 
high  level  of  automation  that  reduces  operator 
workload.  Because  of  its  specifications  and  advanced 
capabilities,  the  CL-327  AV  is  the  world’s  most 
advanced  VTOL  surveillance  system  for  intelligence 
gathering,  in  production  today. 
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1  SUMMARY 

The  operation  of  unmanned  vehicles  ranging  from  strategic 
missions  of  autonomous  high  altitude  reconnaissance  to  tactical 
missions  of  reconnaissance  and  strike/attack  impose  new  re¬ 
quirements  to  the  guidance  systems  in  the  area  of  reliability  and 
safety.  This  includes  all  phases  of  the  mission  start,  cruise, 
attack/strike  and  ‘Low  Level’  operation  including  precision 
approaches  even  under  bad  weather  conditions  and  in  a  hostile 
environment. 

A  reliable,  continuous  and  precise  navigation  system  is  of 
paramount  importance  for  the  guidance  function  even  more  for 
unmanned  air  vehicles.  The  Project  RAPIN,  the  name  standing 
for  'Reliable  Autonomous  Precise  Integrated  Navigation',  com¬ 
bines  the  navigational  research  activities  at  Daimler-Benz 
Aerospace  AG  (Dasa)  Military  Aircraft  teamed  with  Honeywell 
Regelsysteme  GmbH  in  that  context.  RAPIN  integrates  'Laser 
Inertial  Navigation  System'  (LINS),  P(Y)  code  'Global  Posi¬ 
tioning  System'  (GPS)  and  'Terrain  Referenced  Navigation' 
system  (TRN).  The  data  fusion  concept  is  to  combine  all  avail¬ 
able  information  in  one  MAIN  filter  gaining  the  highest  accu¬ 
racy.  In  order  to  provide  uncontaminated  backup  solutions  in 
case  of  sensor  failures  a  bank  of  SUB  filters  is  working  in 
parallel.  Each  SUB  filter  uses  a  different  subset  of  sensor 
signals.  It  is  the  objective  of  this  paper  to  report  on  the  system 
concept,  the  design  of  the  prototype,  and  to  describe  the  reali¬ 
sation  process.  Subsequently  the  paper  will  present  first  and 
preliminary  results  including  flight  trials  on  C-160  Transall 
ANA/FRA  (Autonome  Navigationsanla- 

ge  /  Flugregelungsanlage)  performed  by  the  „Wehrtechnische 
Dienststelle  61“.  The  possible  application  of  this  generic  sys¬ 
tem  varies  from  uninhabited  reconnaissance  /  fighter  aircraft 
over  transport  aircraft  to  rescue  helicopters. 

2  INTRODUCTION 

This  paper  describes  the  current  research  and  development 
activities  under  the  lead  of  Daimler-Benz  Aerospace  AG  (Dasa) 
Military  Aircraft  in  the  field  of  fault-tolerant  integrated  naviga¬ 
tion  systems.  After  a  brief  discussion  of  our  motivation  we  will 
define  the  goal  and  the  statement  of  work  of  this  project.  Sub¬ 
sequently  we  will  introduce  the  involved  partners. 


2.1  Motivation 

Daimler-Benz  Aerospace  AG  -  Military  Aircraft  (Dasa-M)  is 
concentrating  on  the  following  unmanned  air  vehicle  (UAV) 
missions: 

-  Unmanned  high  altitude  reconnaissance  platforms  with  flight 
profiles  above  the  current  airways  (above  FL  500)  Their  use 
lies  predominantly  in  the  areas  of  peace  keeping  and  crisis 
control  and  Involves  flight  over  long  distances  over  friendly 
territory.  The  flight  scenario  consists  basically  of  start  cruise 
and  landing.  Where  start  and  landing  incl.  penetration  of  the 
‘controlled  airspace’  will  take  place  in  a  friendly  environment 
with  the  possibility  of  direct  human  control  (video  &  data  link). 
Human  involvement  during  mission  (with  long  delays)  is  pos¬ 
sible  via  satellite  links.  In  case  of  jamming  or  malfunction  a 
„safe  termination“  function  has  to  be  implemented.  „Safe  ter- 
mination“  refers  under  these  circumstances  to  a  controlled 
landing  in  a  predefined  uninhabited  area  using  a  steerable 
parafoil.  These  strategic  missions  experience  a  long  duration 
from  lOhr  up  to  48hr. 

The  navigation  system  has  to  provide  the  ability  to  guide  the 
vehicle  to  a  ‘safe’  landing  facility.  The  size  of  the  emergency 
landing  places  determines  the  requirement  on  the  navigation 
system  accuracy.  Over  friendly  territory  this  guidance  function 
is  expected  to  be  safety  involved  with  the  requirements  in 
system  layout  (fail-operational)  and  dependability.  Due  to  the 
high  operating  altitude  a  terrain  correlation  system  is  not  appli¬ 
cable.  It  is  assumed  that  a  INS/GPS  design  with  the  necessary 
redundancy  is  appropriate.  In  case  of  general  GPS  unavailabil¬ 
ity  an  image  correlation  system  or  a  star-tracker  could  aid  the 
navigation  system. 

-  Unmanned  autonomous  reconnaissance  platforms  which  are 
operated  at  medium  to  low  altitudes  in  a  military  target  area  and 
cruise  above  FL  200.  On  their  return  phase  they  will  operate 
over  friendly  territory  with  the  above  mentioned  requirements 
regarding  safety. 

Here  a  more  accurate  navigation  system  is  necessary,  for  the 
low  level  operation  and  the  system  has  to  cope  with  adverse 
conditions  (manoeuvring  of  the  airframe,  jamming  and  other 
threats  by  hostile  forces).  Due  to  the  expected  unavailability  of 
GPS  in  the  operating  scenario  and  the  low  operating  altitude  a 
terrain  referenced  system  with  its  full  autonomous  non¬ 
jamming  capability  should  be  employed. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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-  Unmanned  tactical  aircraft  to  fiv  strike  and/or  attack  missions 
in  a  conflict.  Even  though  this  class  of  aircraft  operates  pre¬ 
dominately  over  hostile  territory,  it  will  be  dispatched  from 
friendly  bases  and  therefore  fly  partially  over  friendh  territory. 
Also,  to  minimise  collateral  damage,  the  system  accuracy  and 
reliability  should  match  that  of  current  manned  aircraft. 

The  navigation  system  has  to  be  designed  for  Mow  level'  and 
cruise  operations  with  mixed  traffic  in  the  ‘controlled  airspace’. 
Still  being  undefined  it  is  expected  that  high  requirements 
regarding  safety  and  accuracy  have  to  be  met. 

As  a  con.seauencc  and  to  compensate  for  the  missing  human  on 
board,  all  these  aircraft  need  a  system  architecture  which  allows 
to  limit  the  failure  probability  of  the  whole  system  to  the  same 
low  values  which  arc  placed  on  manned  aircraft  by  the  civilian 
certification  authorities  if  operated  over  own  territoiy  or  in 
peace  keeping  missions. 

Historically  the  project  RAPIN  was  defined  for  a  transport 
aircraft  with  ‘low-level  operation’  capabilit)-  as  the  major  target 
scenario.  No  forward  looking  radar  was  permitted  in  the  design. 
This  caused  demanding  requirements  on  the  navigation  func¬ 
tion  and  the  digital  terrain  data  base  regarding  dependability 
and  accuracy. 

Reviewing  the  flight  guidance  requirements  of  unmanned  air¬ 
craft  leads  to  the  conclusion  that  the  RAPfN  system  design  has 
a  high  potential  of  fulfilment  for  IJAV  needs. 

Operating  under  military  conditions  the  navigation  system  has 
also  to  be  operated  autonomous,  without  support  from  ground 
stations  (risk  of  jamming,  detecting,  and  destruction  of  ground 
stations).  As  no  single  state  of  the  art  navigation  sensor  can 
meet  the  accuracy,  reliability  and  robustness  requirements, 
integrating  well  suited  individual  navigation  sensors  is  pres¬ 
ently  the  only  viable  solution  to  this  problem. 

Even  the  common  used  LINS  GPS  integration  is  on  its  own  not 
reliable  enough.  In  order  to  achieve  the  position  accuracy  with 
the  requested  reliability  for  ‘low  level  operations’  at  least  two 
physically  independent  position  sensors  with  a  similar  accuracy 
are  required  to  co-operate  with  an  additional  autonomous  navi¬ 
gation  system  like  LINS.  This  kind  of  navigation  system  is 
where  we  will  focus  on  in  this  paper. 

2.2  Objectives  of  RAPIN 

The  project's  objectives  have  been  defined  under  difterent 
aspects. 

2.2.1  Strategic  Aspect 

RAPIN  is  part  of  an  extensive  investigation  in  the  area  of  low 
level  flight  guidance  at  Dasa  which  has  been  started  with  re¬ 
spect  to  different  applications  this  decade.  In  that  context 
RAPIN  combines  all  the  navigational  functionalin  research 
activities. 

Moreover  RAPIN  is  the  navigational  component  realisation  as 
a  basis  of  a  system  which  will  provide  operation  of  an  air  vehi¬ 
cle  close  to  ground.  Therefore  the  project  RAPIN  has  been 
additionally  implemented  under  a  technological  prototyping 
aspect  in  order  to  achieve  the  following  goals: 

•  to  realise  a  reliable,  precise  navigation  system,  necessary 
for  manned  and  unmanned  low  level  operations  inch  ap¬ 
proach  and  landing  of  military  aircraft  as  a  demonstrator 


•  demonstrate  function  and  performance  in  flight  tests 

•  produce  generic  specification  for  navigation  systems  for 
future  product  applications  with  requirements  regarding 
high  dependabilitx 

•  build  up  supplier’s  system  relevant  realisation  know  how 

As  a  realisation  restriction  all  the  existing  navigation  compo¬ 
nents  ha\  c  to  be  used  unch.ingcd.  which  is  due  to  some  system 
implementation  benefits  and  aviation  administration  require¬ 
ments  as  well. 

2.2.2  Operational  Aspect 

RAPIN  is  focusing  on  military  low  level  flight  operation  sce¬ 
narios.  Present  and  future  mission  requirements  of  military  air 
vehicles,  stand-off-weapons,  drones,  transport  aircraft  and  of 
unmanned  tactical  aircraft  dictate  accurate  and  dependable 
navigation  as  a  means  to  increase  sunivability  and  mission 
effectiveness.  Navigation  systems  will  be  increasingly  used  to 
deliver  precise  position,  velocitv  and  track  data  to  the  flight 
control  system  to  guide  aircraft  during  low  level  flights 
(approach  and  landing,  terrain  following,  terrain  and  threat 
avoidance).  In  this  case,  the  navigation  signals  arc  flight  safety 
critical  and  the  dcpcndabilitv  (integrity,  continuity,  survivahil- 
it\  and  availability)  becomes  the  major  system  requirement. 

EspccialK-  in  unmanned  air  vehicles  like  military  reconnais¬ 
sance  lIAV's  or  uninhabited  fighters,  which  have  a  long  flight- 
endurance  not  only  above  war-theatres  but  even  over  inh.abited 
areas,  the  navigation  sy.stem  reliability  is  even  more  important 
than  in  manned  aircraft.  Here,  no  pilot  can  verify  the  correct 
operation  of  the  avionics-system  and  can  take  over  system- 
control  if  a  system-failure  occurs. 

Thus  autonomous  navigation  components  are  favourable  for 
system  survivability,  availability  and  continuity  reasons.  Re- 
dundancx’  will  be  stressed  in  terms  of  system  reliability  and 
integritx  .  Due  to  jamming  in  the  hostile  environment  P(Y)  code 
GPS  is  seen  to  be  useful  as  an  aiding  sensor  albeit  having  to 
pl.ay  a  'nice  to  have  but  add  on'  role  in  the  s>  stcm  concept. 

A  secondary  objective  of  project  RAPIN  in  that  context  is 
answering  the  question  whether  military  precise  approach  and 
landing  is  possible  in  terms  of  accuracy  using  a  P(Y)  code  GPS 
rcccix'cr  and/or  TRN  instead  of  a  differential  D-GPS  .system. 

As  no  single  navigation  sensor  can  meet  the  accuracy,  depend¬ 
ability.  and  robustness  requirements,  integrating  the  well  suited 
individual  navigation  sensors  is  the  only  viable  solution  ap¬ 
proach  to  meet  all  operational  requirements. 

2.2.3  Realisation  Aspect 

The  RAPIN  objective  is.  to  develop  a  single  lane  navigation 
system  prototype  as  a  basis  for  an  on-board  autonomous  flight 
guidance  svstem  with  a  low  level  and  approach  and  landing 
capability  and  to  perform  a  functional  and  accuracy  perform¬ 
ance  assessment. 

The  main  target  within  the  RAPIN  navigational  integration 
process  is  the  adequate  sensor  fusion  and  the  optimal  signal 
filtering.  Thus  proof  of  concept  and  filter  software  development 
with  respect  to  verification  abilitx  and  flight  clearance  found  a 
considerable  interest  in  the  project  and  in  this  paper  rcspcc- 
tix  ely.  Concept  verification  has  been  conducted  via  various  and 
extensiv  e  lab  and  test  trials. 
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2.3  Technical  Requirements  of  RAPIN 

The  technical  requirements  are  deduced  from  the  mission  op¬ 
erational  requirements. 

A  typical  military  mission  is  principally  divided  in  the  phases 
with  varying  duration: 

-start 

-cruising  to  the  operation  area  in  high  altitude 
-operating  in  low  level  height  above  terrain 
-cruising  back  to  home  base  or  another  air  base 
-approach  and  landing.  See  figure  [1]. 

This  scenario  requires  a  navigation  system  with  sufficient  accu¬ 
racy  and  dependability  to  allow  low  level  operation,  approach 
and  landing  and  to  meet  the  required  mission  reliability.  Fur¬ 
thermore,  for  military  missions  the  avionics  has  to  be  ‘on-board 
autonomous’.  Figure  [2]  shows  the  dependence  of  the  RAPIN 
system  concept  from  the  operational  and  technical  require¬ 
ments. 

For  the  manned  aircraft  only  the  phases  of  ‘Low  Level  Flight’ 
and  ‘Approach  and  Landing’  are  design  drivers  for  an  inte¬ 
grated  navigation  system.  For  unmanned  aircraft  all  phases  of 
flight  are  critical. 

Position  requirements  are  usually  defined  as  Total  System  Error 
(TSE)  being  composed  of  the  Navigation  System  Error  (NSE  - 
accounting  for  errors  in  the  equipment)  and  the  Flight  Techni¬ 
cal  Error  (FTE  -  accounting  for  guidance  errors  of  the  pilot  and 
autopilot ).  Here  only  NSE  are  used  to  express  accuracies. 

2.3. 1  Low  Level  Flight 

‘Low  Level  Flight’  begins  at  heights  less  than  1000ft  (304m) 
agl  down  to  100ft  (30m)  agl  for  terrain  following  and  down  to 
less  than  10m  for  load  dropping.  It  is  performed  to  protect  the 
aircraft  from  detection  and  threats  in  hostile  areas.  There  are  no 
common  accepted  performance  requirements.  As  a  goal  we  use 
the  following  preliminary  requirements: 


Parameter  NSE 

unit 

values 

Horizontal  Accuracy 

[m]  la 

<200 

Vertical  Accuracy 

[m]  la 

<-ll+A  ** 

Integrity  Risk 

[@lhr] 

<  1.0  10'^ 

Availability  Risk 

r®lhr] 

<  1.0  lO'^ 

Continuity  Risk 

r®lhr] 

<  1.0  10-’ 

♦*  or  -3%  /  +6%  of  Height  above  ground  level  (30-300m) 
whichever  is  greater. 


An  integrity  violation  can  cause  a  CFIT  (controlled  flight  into 
terrain)  accident.  An  availability  violation  causes  a  mission 
abort  in  areas  without  threat.  A  continuity  violation  may  lead  to 
a  mission  abort  and  termination  of  the  ‘Low  Level  Flight’  thus 
reducing  the  aircraft  protection  in  a  hostile  environment. 

2.3.2  Approach  and  Landing  down  to  CAT II 
‘Approach  and  Landing’  phase  of  flight  is  typically  performed 
in  areas  controlled  by  friendly  forces.  Various  requirements  are 
in  discussion  for  the  civil  aviation  regarding  replacement  of  ILS 
technology.  See  [24]  The  tunnel  approach  is  used  as  a  referenee 
for  a  CAT  II  type  landing: 


Parameter  NSE 

unit 

yalues 

Horizontal  Accuracy 

[m]2a 

<22,8 

Vertical  Accuracy 

[m]  la 

<4,4 

Integrity  Risk 

r@lhr] 

<3.3  10'* 

Availability  Risk 

mm 

<  1.5  10-^ 

Continuity  Risk 

mA5m 

<4.0  10-^ 

Assuming  a  FTE  of  2,3m  cross  flight  direction  and  1,15m 
vertical  see  [26]. 


Further  investigations  are  required  in  order  to  decide  whether 
these  civil  requirements,  based  on  fleets  of  200  aircraft  with 
50.000  operating  hours,  are  applicable  to  the  military  scenario. 

2.3.3  Cruise 

During  the  cruise  phase  the  radar  altimeter  and  the  terrain 
correlation  will  not  be  available.  The  requirements  are  compa¬ 
rable  with  civil  aviation  were  GPS  and  LINS  are  a  sole  means 
of  navigation.  The  quick  phase  over  to  low  level  flight  accuracy 
is  given  by  the  availability  of  the  RVA  at  5000ft  height  above 
ground  level.  Mission  duration  may  vary  between  2hr  up  to  48 
hr  for  reconnaissance  missions. 


Parameter  NSE 

unit 

yalues 

Horizontal  Accuracy 

[nm]  la 

<  12.6 

Vertical  Accuracy 

[m]  la 

<  50m 

Integrity  Risk 

[@lhr] 

<  1.0  10-* 

Ayailability  Risk 

[@lhr] 

<  1.0  10-^ 

Continuity  Risk 

f®lhr] 

<  1.0  lO"* 

2.4  Project  Organisation  and  Teaming 

The  need  for  a  navigation  system  like  RAPIN  was  recognised 
by  the  ‘Bundesamt  fur  Wehrtechnik  und  Beschaffung’  (BWB) 
and  a  Research  &  Development  contract  was  granted  to  Daim¬ 
ler-Benz  Aerospace  AG  Military  Aircraft  teamed  with  Honey¬ 
well  Regelsysteme  GmbH  to  investigate  the  system  concept  and 
perform  flight  demonstrations  with  a  prototype  system. 

The  Wehrtechnische  Dienststelle  WTD61  (from  German  MoD) 
in  Manching  is  the  responsible  team  partner  in  the  RAPIN 
programme.  The  operation  of  the  flight  test  aircraft,  the  neces¬ 
sary  instrumentation,  the  continuous  position  reference  using 
the  AN/MPS36  radar  tracking  system  and  the  recording  of  all 
data  is  performed  by  WDT61 . 

System  concept,  design,  build,  integration  and  test  of  the  sys¬ 
tem  is  performed  by  Dasa,  the  Kalman  filter  bank  design  and 
LINS  support  is  provided  by  Honeywell. 

3  RAPIN  SYSTEM  CONCEPT 

Purpose  of  this  chapter  is  to  present  the  RAPIN  system  over¬ 
view  followed  by  a  description  of  the  system  and  its  compo¬ 
nents.  It  ends  with  the  discussion  of  the  general  verification 
concept. 

3.1  System  Overview 

The  system  overview  describes  the  basic  ideas  in  order  to  de¬ 
velop  an  integrated  navigation  system  which  fulfils  all  objec¬ 
tives  of  military  operations  especially  where  safety  relevant- 
navigation  plays  an  important  role  (e.g.  low  level  flight).  The 
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chapter  also  discusses  these  ideas  and  describes  the  approach 
followed  by  RAPIN. 

3.  /.  /  Baxic  Ideas 

The  RAPIN  system  concept  is  based  on  the  integration  and 
optimal  exploitation  of  navigation  components,  which  arc 
typically  on  board  of  militar>'  aircraft.  These  are  a  Laser  Inertial 
Navigation  System  (LINS),  a  Global  Positioning  System  re¬ 
ceiver  (GPS)  (operating  in  the  high  militarj  accuracy  Precise 
Positioning  Service.  PPS  mode  or  P(Y)  code),  an  Air  Data 
Computer  (ADC)  and  Radar  Altimeter  (R/A).  Additionally 
RAPIN  uses  a  Terrain  Referenced  Navigation  sy.stcm  (TRN) 
based  on  the  Dasa  system  LATAN  (Low  Altitude  Terrain  Navi¬ 
gation),  which  utilises  the  R/A  and  compares  its  measured 
altitude  over  terrain  profile  with  a  profile  of  an  on  board  terrain 
data  base  in  order  to  find  the  best  fit. 

With  this  concept  the  integrated  navigation  system  has  suffi¬ 
cient  signal  redundancy  available  as  parallel-  and  principal 
redundancy.  In  order  to  make  adequate  usage  of  that  redun¬ 
dancy  RAPIN  is  comparing  solutions  of  a  bank  of  four  Kalman 
filters  to  increase  the  dependability.  One  MAIN  filter  utilises 
all  available  information;  three  SlIB  filters  make  use  of  differ¬ 
ent  dedicated  sub  sets  of  sensor  components. 

3.1.2  Discussion 

It  is  well  known  that  LINS  as  an  on  board  system  has  high 
reliability  and  medium  long  term  accuracy.  GPS  is  a  very  accu¬ 
rate  sensor  but  leaks  in  terms  of  dependability  espccialh  with 
respect  to  continuity'.  The  autonomous  system  LATAN  per¬ 
fectly  fills  the  gap  while  having  a  good  accuracy  and  a  high 
continuity. 

The  table  in  figure  [4]  shows  pro's  and  con's  of  each  sensor  in 
more  detail. 

In  order  to  obtain  high  'all  the  time  accuracy'  combined  with 
high  dependability  RAPIN  integrates  all  sensor  signals  in  one 
MAIN  filter.  The  integrity  is  achieved  via  self  checking  in 
parallel  to  cross  monitoring  of  the  MAIN  filter  solution  versus 
the  solutions  of  the  three  SUB  filters  mentioned  above.  Thus  in 
case  of  a  failure  detection  at  least  one  uncontaminated  solution 
is  available.  While  providing  a  monitor  function  in  conjunction 
with  elaborated  failure  detection  and  isolation  (FDI)  methods 
RAPIN  guarantees  the  neccs.sary  terrain  following  navigation 
robustness. 

3.1.3  Approach 

This  paragraph  describes  in  detail  the  approach  taken  to  realise 
the  RAPIN  navigation. 

Due  to  the  generic  integration  of  navigation  sensors  RAPIN 
relies  generally  on  the  existing  sensors  already  fitted  in  the 
Transall  C160  ANA/FRA  test  aircraft  at  the  WDT6L  The  fixed 
definition  of  the  LINS  interface  limits  this  experimental  imple¬ 
mentation  of  RAPIN  to  the  Open  Loop  Kalman  filter  solution 
which  easily  is  expandable  to  the  Closed  Loop  configuration  if 
interfaces  arc  changed. 

The  characteristics  of  the  LINS.  GPS  and  ADC  sensors  arc 
given  in  detail  in  chapter  ‘System  Components’.  The  existing 
radar  altimeter  was  not  used  due  to  interface  limitations  in  the 
C160  Transall  aircraft.  Therefore  a  Dasa  supplied  DRAIOO  was 
integrated. 


The  signal  processing  and  interfacing  with  all  sensors  is  exer¬ 
cised  by  a  flight  ruggedised  VMF,  based  ‘Commercial  Of  The 
Shelf  (COTS)  computer  from  Harris  Type:  6804  which  was 
integrated  in  the  Cl 60  by  WTD61 . 

Naxigation  software  is  based  on  the  proven  ‘Navigation  Labo¬ 
ratory’  (NavLab)  from  Honeywell.  This  includes  a  generic 
configurable  Kalman  filter,  tbe  necessary  simulation  and  the 
trajectory  generation  facilities.  The  PASCAL  based  NavLab 
was  converted  to  HO  language  ‘C’  and  modified  to  reflect  the 
RAPIN  needs.  The  tested  kernel  routines  arc  used  in  the  Real 
Time  (RT)  environment  without  any  changes.  This  relates  to 
the  verification  concept  including  the  ‘Software  In  the  Loop’ 
simulation  and  ‘Hardware  In  the  Loop’  simulation  described 
later. 

For  the  terrain  correlation  software  package  the  proven  ‘Low 
Altitude  Terrain  Aided  Na\igation’  (LATAN)  and  the  related 
‘Terrain  Data  Base’  (TDB)  from  Dasa  is  used.  The  PASCAL 
based  LATAN  was  converted  without  major  changes  to  the 
HO-languagc  ‘C.  LATAN  and  the  TDB  were  adapted  to  the 
RAPIN  needs. 

All  software  was  integrated  into  the  Harris  Real  Time  process¬ 
ing  environment. 

The  final  tests  constitute  the  operational  flight  tests  which 
began  in  1997.  These  tests  w  ill  be  continued  in  1998. 

3.2  System  Description 

The  system  description  will  address  the  overall  RAPIN  system 
over\iew  and  the  architecture  of  RAPIN  data  fusion. 

3. 2. 1  Ch  crall  System 

A  generic  system  concept  is  depicted  in  figure  [.5]. 

The  outlined  boxes  show  the  kernel  sensor  set  comprising  the 
true  autonomous  components  ‘Laser  Inertial  Navigation  Sys¬ 
tem’  LINS.  ‘Air  Data  Computer’  ADC.  Radar  Altimeter  R/A 
and  the  board-autonomous  components  ‘Global  Positioning 
System’  GPS  (operating  in  the  high  military  accuracy  Precise 
Positioning  Service.  PPS  mode.  P(Y)  code)  and  the  On-Board 
Terrain  Data  Base  (TDB).  each  in  sufficient  parallel  hardware 
redundancy  .  To  these  sensors  the  software  implemented  Terrain 
Referenced  Navigation  (TRN)  fiinction  is  added  as  a  further 
positioning  sy  stem  by  combination  of  the  Radar  Altimeter  data 
and  the  On-Board  Terrain  Data  Base  data  via  a  terrain  correla¬ 
tion. 

The  dashed  boxes  show  possible  extensions  of  the  sensor  set 
which  arc  ‘nice  to  have’  if  useable  but  not  ‘to  rely  on’.  LO- 
RAN-C  may  be  of  interest  for  marine  applications  due  to  the 
lack  of  availability  of  the  terrain  correlation  function  over 
water.  The  image  referenced  navigation  is  a  further  extension 
which  has  the  potential  to  provide  an  autonomous  position 
sensor  for  altitudes  where  no  radar  altimeter  is  available  and  to 
improv  e  the  landing  phase  of  the  mission  significantly,  by  not 
only  updating  the  navigation  solution,  but  also  delivering  a 
readable  real  outside  view  e.g.  by  infrared  or  millimetre  radar 
(sec  Lerchc.  TumbrJigcl  Ref  [27]).  ILS  and  MLS  arc  for  com¬ 
patibility  with  civ  il  av  iation  requirements. 

The  signal  processing  hardware  contains  a  copy  of  the  terrain 
database  each,  the  information  is  cross  fed  and  frame  synchro¬ 
nised  by  ‘Computer-Computer-Direct-Links’  (CCDL)  and  the 
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power  supply  is  realised  separately  and  without  feedback  possi¬ 
bility  by  connection  to  at  least  two  power  bars. 

The  optimal  exploitation  of  signal  redundancy  (data  fusion)  is 
done  by  a  modular  reconfigurable  „Extended  Kalman  Filter"  , 
used  as  an  observer  of  the  parallel  existing  real  world.  Fig¬ 
ure  [3]  shows  the  sensor  integration,  figure  [4]  characterises  the 
features  of  each  subsystem  and  the  integrated  RAPIN  solution 
according  to  the  major  requirements. 

The  RAPfN  system  concept  is  given  in  figure  [6]  including  the 
functions  Kalman  filter  bank,  terrain  correlation,  sensor  failure 
detection  and  isolation  (FDI),  system  FDl  -  single  lane,  system 
FDI  -  cross  lane  and  the  redundancy  management. 

3. 2. 2  Architecture  of  Datafusion 

As  already  described  in  ‘3.1  System  Overview’  the  navigation 
system  RAPIN  integrates  LINS,  P(Y)  code  GPS  and  TRN. 

Because  of  the  system  immanent  instability  of  the  LfNS  vertical 
channel  in  an  'open  loop'  architecture,  pressure  altitude  aiding 
has  to  be  provided  via  the  air  data  computer  ADC.  Also  TRN 
needs  a  radar  altimeter  R/A  as  an  additional  sensor  in  order  to 
measure  the  altitude  profile  with  respect  to  terrain.  Thus  in  this 
chapter  we  will  talk  about  LfNS  only  in  a  LfNS/ADC  combi¬ 
nation  and  we  will  see  TRN  always  in  conjunction  with  a  R/A. 

Obviously  the  primary  RAPIN  data  fusion  concept  is  to  com¬ 
bine  all  LINS,  GPS  and  TRN  information  in  one  MAIN  filter  in 
order  to  gain  the  highest  navigation  accuracy  possible. 

To  provide  uneontaminated  backup  solutions  even  for  the  worst 
case  failures  (slow  ramps),  which  are  detected  only  a  long  time 
after  their  occurrence,  a  bank  of  SUB  filters  is  working  in 
parallel  to  the  MAIN  filter  simultaneously  .  Each  SUB  filter 
uses  a  different  subset  of  sensor  signals.  Thus  RAPIN  consists 
additionally  of  a  LINS/GPS  filter,  a  LINS/TRN  filter  and  a 
TRN/GPS  filter  respeetively. 

Figure  [7]  shows  the  RAPfN  filter  scheme. 

Each  RAPfN  filter,  no  matter  whether  MAIN  or  SUB,  is  using 
the  same  extended  Kalman  filter  module.  Via  an  index  vector 
the  various  filter  models  are  easily  configurable  with  respect  to 
the  sensors  involved.  An  additional  benefit  of  this  index  vector 
is  the  smooth  adaptation  to  different  sample  rates  and  the  easy 
to  use  reeonfiguration  mechanism  in  the  case  of  detected  and 
isolated  failures.  Failure  detection  and  isolation  (FDI)  function 
is  accomplished  by  the  RAPIN  redundancy  management  mod¬ 
ule.  The  filter  bank  contributes  to  the  FDI  function  via  provid¬ 
ing  estimated  sensor  errors  in  all  the  different  filter  combina¬ 
tions. 

Effort  and  importance  of  an  appropriate  signal  synchronisation 
appears  to  be  underestimated  very  often.  In  order  to  calculate 
proper  residuals  for  all  different  filters  high  attention  was  paid 
to  that  topic  of  the  datafusion. 

3.3  System  Components 

In  the  following  each  major  system  component  is  described. 

3.3.1  Sensors 

These  sensors  are  integrated  in  the  test-aircraft  Cl 60 
ANA/FRA  and  are  used  unmodified  for  the  RAPIN  navigation 
system. 


LINS:  Honeywell  H-423  LINS  (SNU  84) 

Position  Accuracy  <0.8  nmph  (CEP) 

Velocity  Accuracy  <  2.5  ft/s  (RMS) 

GPS:  Rockwell  Collins  MAGR  3M  PPS 
Position  Accuracy  <  16  m  (SEP) 

Velocity  Accuracy  <  0. 1  m/s  (RMS) 

ADC:  GEC-Marconi  (HIADC) 

Pressure  Altitude  Accuracy  <  15  ft  or  0.2%  Hp 

The  Radar-Altimeter  (R/A)  is  a  prototype  of  Dasa-LFK  with 
high  accuracy.  It  was  integrated  in  the  test-aircraft  as  part  of  the 
RAPIN  project. 

R/A:DasaDRA  100 

Position  Accuracy  2  ft  or  2%  of  the  height_agl 
Maximum  Height:  2400  ft  (750  m) 

3.3.2  Signal  Processing 

The  Real  Time  signal  processing  is  performed  on  a  flight  rug- 
gedised  Harris  Nighthawk  6804  with  4  processors  and  local 
recording  of  4  Gbyte.  For  the  verification  a  second  Harris  is 
used  in  the  HIL  and  SIL  test  rig  simulating  the  Transall  envi¬ 
ronment. 

3.3.3  Terrain  Data  Base 

The  terrain  database  (TDB)  consists  of  different  raw  databases 
i.e.  the  Digital  Terrain  Elevation  Data  (DTED),  the  Digital 
Feature  Analysis  Data  (DFAD)  showing  the  natural  and  artifi¬ 
cial  surface  (forest,  city  etc.)  and  the  Obstacle  Data  (‘Luftfahrt 
Hindemis  Datei’,  LFH)  showing  artificial  structures  that  can 
cause  a  hazard  for  low  level  operation  (towers,  power  lines 
etc.).  This  data  is  processed  in  the  off  line  component  of  the 
TDB  to  generate  the  input  for  the  on-board  component.  The  off 
line  functions  include  merging  and  cross  checking  of  databases 
with  e.g.  satellite  data,  data  compression,  data  conversion, 
assembling  of  mission  related  data  to  provide  a  data  set  that  can 
be  uploaded  to  the  on-board  TDB.  The  function  of  the  on-board 
TDB  basically  is  to  distribute  the  data  in  a  timely  manner  to  the 
data  sinks,  here  the  terrain  eorrelation.  In  the  low  level  guid¬ 
ance  system  other  data  sinks  are  the  display  and  the  ground 
proximity  warning  system  etc. 

3.3.4  Terrain  Correlation  or  Terrain  Referenced  Navigation 
(TRN) 

The  Terrain  Referenced  Navigation  is  based  on  the  LATAN 
system.  LATAN  is  a  navigation  and  Terrain  Following  (TF) 
system  based  on  terrain  reference  data  stored  in  an  on  board 
data  base.  It  has  been  developed  by  Daimler  Benz  Aerospace 
AG  Military  Aircraft  Division  (former  MBB)  and  flight  tested 
on  the  TORNADO  aircraft  between  1986  and  1993.  The  algo¬ 
rithm  of  the  LATAN  navigation  function  has  been  separated 
from  the  whole  system  and  is  implemented  in  the  RAPfN  com¬ 
puter.  The  LATAN  principle  is  shown  in  figure.  [11]. 

Terrain  Profile  Generation 

Along  the  ground  track,  the  profile  of  the  terrain  to  be  flown 
over  is  measured  via  the  radar  altimeter  in  parallel  to  the  3 
dimensional  aircraft  trajectory  measured  by  the  navigation 
system  (e.g.  INS  or  GPS)  used  as  a  navigation  position  hy¬ 
pothesis.  Thus  the  terrain  elevation  is  determined  by  the  differ¬ 
ence  between  the  height  above  sea  level  (e.g.  Baro-IN  height  or 
GPS-height)  and  the  height  above  ground  level  (radar  height). 
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This  measured  terrain  profile  is  correlated  continuously  with 
reference  profiles  from  the  on  board  terrain  data  base  which  arc 
stored  with  their  exactly  known  positions. 

Horizontal  Position  Determination 

Along  the  measured  ground  track,  reference  terrain  profiles  arc 
generated  with  the  stored  terrain  data  base  b>-  varying  the  posi¬ 
tion  hypothesis  of  the  ground  track.  The  position  variation  with 
the  profile  which  has  the  best  fit  to  the  measured  terrain  profile 
is  the  eorrcction  of  the  horizontal  position  hypothesis.  The 
quality  of  the  horizontal  position  depends  on  the  terrain  signifi¬ 
cance. 

Vertical  Position  Determination 

The  vertical  position  is  determined  by  the  mean  difference  of 
the  measured  terrain  profile  and  the  reference  profile  at  the  best 
available  horizontal  position.  The  quality  of  the  vertical  TRN 
position  is  independent  from  the  terrain  significance.  This  is 
very  important  for  approach  and  landing  where  precise  height 
above  ground  level  is  the  most  critical  parameter.  Therefore  the 
vertical  channel  is  fully  independent  from  the  horizontal  chan¬ 
nel  and  provides  a  higher  update  rate, 

3.3.5  Data  Synchronisation 

For  aircraft  speeds  of  e.g.  400  kts  a  synchronisation  error  of 
20msec  is  equivalent  to  4m  position  inaccuracy. 

The  data  fusion  is  essentially  ba.sed  on  measurements  of  differ¬ 
ent  position  sensors.  Each  measurement  has  its  own  time  of 
validity.  Some  sensors  have  high  measurement  update  rates  like 
the  LINS  (20msec)  others  like  GPS  rather  low  (Isec).  the 
terrain  correlation  does  not  have  a  fixed  update  rate  but  is 
rather  dependent  on  aircraft  speed  and  terrain  due  to  its  corre¬ 
lation  length  dependency. 

Each  sensor  knows  its  time  of  validity  and  time  tags  its  mes¬ 
sage.  At  the  point  in  time  where  the  difference  is  generated  for 
the  data  fusion  the  system  knows  the  age  of  the  data. 

Differences  with  respect  to  the  high  rate  sensors  e  g.  LINS  can 
be  built  by  storing  the  raw  LINS  data  or  the  optimally  estimated 
data  in  a  buffer  and  selecting  the  appropriate  value.  If  further 
refinement  is  necessary'  interpolation  is  possible.  Differences 
with  respect  to  low  rate  sensors  arc  based  on  buffering  velocity 
extrapolated  data  with  the  associated  reduction  in  accuracy. 

3.3.6  Kaiman  Filter  Module 

In  order  to  handle  the  sy.stem  design  efficiently  a  flexible  Kal¬ 
man  filter  algorithm  has  been  developed  which  allows  to  define 
all  RAPIN  SUB  filters  directly  from  the  RAPIN  MAIN  filter  by 
the  simple  change  of  parameters,  indexes  and  moding. 

The  general  RAPIN  navigation  filter  state  vector  consists  of  9 
elements 

attitude  and  heading  estimates 
navigation  velocity'  estimates 
position  and  altitude  estimates 

In  the  classical  'open  loop'  mode  navigation  estimates  arc  iden¬ 
tical  to  LINS  errors.  In  the  'closed  loop'  mode  the  estimates  are 
directly  the  most  precise  navigation  signals. 

The  6  Inertial  Measurement  Unit  (IMU)  errors  arc 
x,y,7.,  gyro  random  constants  estimates 
x,y,z,  accelerometer  random  constants  estimates 


P(Y)  code  GPS  errors  are  6  elements 
navigation  velocity  random  constants  estimates 
position  and  altitude  random  constants  estimates 

The  3  TRN  errors  arc 

position  and  altitude  random  constants  estimates 

One  Barometer  error  is 
altitude  random  constant  estimate 

One  Radar  altimeter  error  is 
altitude  over  terrain  random  constant  estimate 

Obviously  the  RAPIN  MAIN  filter  is  using  all  26  states  men¬ 
tioned  above.  The  LINR/GPS  SUB  filter  consists  of  the  naviga¬ 
tion  (including  barometer)  vector,  the  IMU  and  the  GPS  com¬ 
ponent.  which  sums  up  to  22  states.  With  respect  to  the 
LINSTRN  filter  we  count  19  states,  namely  navigation 
(including  barometer),  IMU  and  TRN  errors.  Finally  the 
TRN'GPS  filter  has  6  navigation.  3  TRN,  6  GPS  plus  4  addi¬ 
tional  track  states  (track-velocity  ,  -acceleration,  -angle,  -rate). 

Each  RAPIN  filter  index  vector  addresses  its  state  elements  and 
the  in\  ol\  cd  sensor  signals.  The  initialisation  of  states  and  state 
error  covariances  as  well  as  system  and  sensor  covariances  arc 
primarily  identical  under  a  physical  perspective.  From  a  filter 
point  of  view  they  arc  to  be  used  as  filter  fine  tuning  parameters 
in  order  to  optimise  the  filter  performance.  The  time  variant 
error  covariance  calculation  needs  the  integrated  navigation 
system's  transition  and  its  sensor  matrix.  Both  matrices  arc 
determined  via  linearisation  along  the  trajectory.  In  'closed 
loop'  architecture  the  linearisation  trajectory  is  identical  to  the 
best  filter  estimate  and  thus  we  obtain  an  almost  classical  ex¬ 
tended  Kalman  filter  structure.  In  'open  loop'  architecture  raw 
LINS  and  as  well  as  filter  corrected  LINS  trajectories  arc  avail¬ 
able  for  linearisation. 

The  Kalman  filter  module  architecture  is  able  to  use  all  men¬ 
tioned  linearisation  variants  in  order  to  obtain  both  integrated 
system's  matrices  (system  and  sensor). 

3.3. 7  Navigation  Algorithm 

Navigation  and  Kalman  filter  algorithms  used  in  RAPIN  have 
been  developed  in  the  software  toolbox  Navl.ab.  Thus  NavLab 
is  an  important  part  in  the  RAPIN'  software  development  envi¬ 
ronment,  The  NavLab  package  is  properly  of  Honeywell  Rcgel- 
systeme  GmbH.  Maintal. 

NavLab  is  written  in  PASCAL  language  and  implemented  on 
PC/MS-DOS  and  Macintosh  computers.  The  NavLab  program 
development  started  in  1990.  For  more  background  information 
see  Kohler  {5],  Beyer  [6]  and  figure  [9], 

Main  components  of  NavLab  arc 
Na\  igation  generator 
Sensor  data  generator 
Strap-down  algorithm 
Extended  Kalman  filter 
Conventional  filters 
Navigation  analysis 

All  trajectory  and  parameter  manipulations  like 
time,  duration,  sample  rates 
Navigation  modus 
Trajectory  inputs 
Trajectory  disturbances 
Generator  steering  data 
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Sensor  error  data 
Strap-down  data 
Kalman  filter  parameter 
Kalman  filter  configuration 
Output  modus 

are  accomplished  via  an  ASCII  parser  file. 

Available  analysis  methods  in  NavLab  are 
Monte  Carlo  simulation 
Error  covariance  analysis 
sample  run  in  combination  with  filter  covariance 
which  are  used  widely  in  RAPIN. 


3.3.8  Failure  Detection  and  Isolation 

The  failure  detection  and  isolation  task  is  to  derive  information 
about  the  condition  of  the  system  and  sensors.  It  does  not  make 
any  decision.  It  is  hierarchically  organised  from  simplex  to 
complex.  Its  outcome  is  a  set  of  status  words  belonging  to  two 
classes  Operational  State  and  Health. 

The  following  order  of  tests  with  increased  complexity  is  used: 

•  sensor  Built  In  Test  assessment 

•  sensor  operational  sensor  state 

•  sensor  plausibility  test  standalone 

•  sensor  gradient  test 

For  each  filter  in  the  bank: 

•  sensor  plausibility  test  with  regard  to  optimal  selected 
output 

•  sensor  parameter  estimates  test 
(Kalman  filter) 

•  sensor  operational  filter  state 
For  each  lane: 

•  System  Kalman  filter  cross  lane  test 

•  sensor  operational  lane  state 

For  all  lanes: 

•  System  cross  lane  tests 

•  sensor  operational  system  state 

Each  Health  test  can  declare  a  component  Healthy,  Sus- 
PECTABLE  or  DEFECT.  A  healthy  sensor  shows  no  errors  or 
failures  at  all,  a  suspectable  sensor  has  shown  some  errors 
which  are  small  or  of  short  duration  (spike)  and  a  defect  sensor 
exhibits  major  errors  for  longer  periods  of  time. 

Each  Operational  State  test  gives  information  whether  the 
component  has  received  data,  has  send  data,  is  synchronised,  is 
in  initialisation  or  is  suspended  etc. 

3. 3. 9  Redundancy  Management  and  Moding 

The  redundancy  management  is  to  assess  the  outcome  of  all 
tests  and  to  derive  a  decision  whether  to  use  or  not  to  use  a 
sensor/component  in  the  system  solution. 

The  system  has  three  decision  levels: 

•  after  sensor  input  -  to  decide  which  sensor  to  synchronise 

•  after  synchronisation  -  to  decide  which  sensor  inputs  are 
useable  for  the  filters 


•  after  filter  bank  -to  decide  which  filter  is  to  be  placed  to  the 
output 

Decision  making  is  twofold.  First  the  relevant  status  words 
have  to  be  condensed  to  a  decision  level  status  word,  e.g.  sen¬ 
sor  channel  has  received  data  AND  BIT  test  AND  plausibility 
test  AND  gradient  tests  signal  healthy  data  THEN  sensor  data 
may  be  synchronised.  Secondly  the  decision  status  word  has  to 
be  interpreted  in  a  decision  process. 

This  decision  process  in  level  three  is  for  example  to  copy  one 
of  the  filter  solutions  into  the  output  buffer  depending  on  the 
relevant  decision  status  word. 

3.4  Data  Fusion  Layout 

With  respect  to  hybrid  systems  it  has  to  be  stated  that  the  mini¬ 
misation  of  uncertainty  in  the  system  via  more  complexity  is 
limited.  This  is  due  to  fact  that  performance  improvement 
means  more  sensor  dependence  in  the  same  way.  Nevertheless  a 
more  complex  hybrid  system  presently  seems  to  be  the  only 
way  towards  a  safe  low  level  flight  navigation  system.  It  is 
obvious  that  the  approach  of  sensor  signal  information  proc¬ 
essing  becomes  most  important  in  that  context.  As  the  way  of 
analytical  interpretation  defines  the  approach  two  possible  but 
different  point  of  views  in  navigation  will  be  presented  and 
discussed  next. 

3.4.1  Signal  technical  Interpretation 

In  its  signal  technical  interpretation  the  navigation  process  is  a 
sequential  approach  which  focuses  on  the  Inertial  Measurement 
Unit  (IMU).  Measured  IMU  accelerations  and  tumrates  in  the 
body  coordinate  system  are  processed  in  the  Strapdown  Algo¬ 
rithm  (SDA).  The  SDA  calculates  the  inertial  navigation  sig¬ 
nals.  IMU  and  SDA  are  the  main  components  of  a  Laser  Inertial 
Navigation  System  (LINS).  In  order  to  improve  the  inertial 
solution,  aiding  sensor  signals  are  compared  to  them.  Via  Kal¬ 
man  filtered  residuals  the  inertial  navigation  errors  can  be 
estimated.  The  optimal  filter  result  is  the  corrected  inertial 
solution.  Major  problem  of  this  approach  is  the  mix  of  meas¬ 
ured  sensor  signals  and  theoretical  navigation  model.  Therefor 
noise  on  the  IMU  signals  is  disturbing  the  analytical  platform 
of  the  SDA.  The  correction  of  the  inertial  navigation  solution 
via  the  estimated  inertial  errors  is  only  sub-optimal  due  to  the 
integrated  IMU  sensor  noise.  Additionally  stochastical  IMU 
sensor  error  parameters  have  to  be  erroneously  modelled  as 
system  noise  in  the  Q-matrix  of  the  Kalman  filter  (see  also 
Beyer  [6]).  Nevertheless  the  optimal  blending  filter  derived 
with  respect  to  this  signal  technical  interpretation  is  the  com¬ 
mon  used  approach  in  navigation.  It  is  showing  good  results 
since  IMU  errors  and  noise  are  small.  The  inertial  trajectory  of 
the  LINS  is  typically  used  to  determine  the  linearised  Kalman 
filter  model  matrices. 

3.4.2  Mathematical  Monitor  Interpretation 

In  the  new  developed  mathematical  monitor  approach  all  sen¬ 
sors  and  systems  like  LINS,  GPS  and  TRN  are  equally  ranked 
aiding  sources  since  the  monitor  uses  a  sensor  signal  independ¬ 
ent  navigation  model  internally.  Fictive  sensor  signals  are 
derived  from  the  navigation  model  and  specific  sensor  models. 
Providing  this  calculated  fictive  sensor  signals  which  are  com¬ 
pared  to  the  real  sensor  signals,  the  only  way  the  sensor  signals 
contribute  to  the  navigation  solution  is  via  the  residuals  of  the 
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extended  Kalman  filter  used.  Since  all  fictive  sensor  signals  arc 
derived  from  the  monitor’s  independent  navigation  model  and 
are  adapted  to  the  specific  sensor  signals  via  additional  sensor 
models,  the  monitor  automatically  combines  all  available  sen¬ 
sor  information  in  one  optimal  single  estimation  state.  The 
output  contains  this  mean  values  plus  the  related  one  sigma 
error  estimations  from  the  Kalman  filter  covariance  matrix.  Due 
to  its  sensor  independent  navigation  algorithm  the  monitor 
system  model  is  easy  to  extend  and  easy  to  adapt  respectively. 
The  stringent  sensor  and  navigation  model  separation  enables  a 
straight  forward  Failure  Detection  and  Isolation  (FDI)  imple¬ 
mentation. 

3.4.3  Application  to  RAP  IN 

Since  time  continuous  LINS  data  arc  available  the  RAPIN' 
MAIN  filter,  the  LINS/GPS  SUB  filter  and  the  I.INS.TRN  SUB 
filter  have  been  designed  using  the  signal  technical  interpreta¬ 
tion.  The  di.scontinuous  nature  of  TRN  and  GPS  signals  moti¬ 
vated  the  mathematical  monitor  approach  development,  which 
has  been  adapted  to  the  TRN/GPS  SUB  filter  in  RAPIN'. 


3.5  Verification  Concept 

The  verification  of  the  RAPIN  system  is  separated  in: 

•  Module  Tests,  for  testing  each  sub-function  (controller. 
Kalman  Filter,  terrain  referenced  navigation,  terrain  data 
base,  signal-interfaces)  in  dedicated  test  environments. 

•  Software  In  the  Loop  (SIL)  te.sts  for  test  and  optimisation  of 
the  complete  RAPIN  software  (Controller.  TRN.  Terrain 
Data  Base,  Kalman  Filter ,  Failure  Detection  and  Isolation. 
Moding)  in  the  functional  development  environment. 

•  Hardware  In  the  Loop  (HIL)  tests  which  arc  necessary  for 
testing  the  RAPIN  computer  under  realistic  aircraft  inter¬ 
face  conditions  in  real  time,  before  it  is  installed  in  the  air¬ 
craft. 

•  Flight  Trails  for  proofing  the  system  performance  under 
operational  conditions  of  military  aircraft  missions. 

For  reducing  the  number  of  test  flights,  a  forcing  tape  is  gener¬ 
ated  form  the  recorded  data  of  each  flight  for  rerunning  the 
flight  in  the  SIL-  and  HIL-environment  with  simulated  sensor 
failures  and  errors  via  failure  generator. 

4  RAPIN  RESULTS 

RAPIN  results  arc  presented  in  form  of  simulations  and  pre¬ 
liminary  flight  test  data. 

4.1  Simulations 

Following,  an  example  of  simulation  results  arc  reported  for 
NavLab-simulation  with  synthetic  generated  sensor  data. 

All  the  filter  initialisation  and  parameters  have  been  tested  and 
tuned  in  NavLab  simulations  prior  to  follow  on  test  procedures. 
Thus  all  state  vectors,  the  state  vector  error  covariances,  the 
sensor  covariances  and  the  system  covariances  have  been  fixed 
preliminary.  The  calculated  time  history  of  each  filter  became 
the  reference  in  all  later  on  tests.  After  each  flight  test  the  ini¬ 
tialisation  and  parameters  had  been  compared  and  updated  with 
respect  to  the  gathered  real  data.  Due  to  this  iterative  process 
our  confidence  is  high  that  NavLab  simulations  meet  the  real  in 
very  well.  With  respect  to  that  the  complete  RAPIN  filter  bank 


tuning  using  different  simulated  trajectories  as  well  as  simu¬ 
lated  sensor  error  stimulations  is  very  effective  in  time  and  cost 
respect  ivcl)’. 

As  an  example  figure  [10]  is  showing  a  simple  one  sigma  time 
historx  simulation  from  RAPIN  MAIN  filter  created  for  test 
purposes.  The  run  is  starting  with  LINS  in  stand  alone  mode:  at 
time  10  sec  the  barometer  aiding  is  activated:  at  time  4  min 
TRN  is  added;  at  time  5  min  a  right  hand  90"  heading  change  is 
initiated:  at  time  6  min  GPS  is  added.  The  simulation  ends  after 
700  sec. 

4.2  Flight  Tests 

The  RAPIN  flight  tests  are  divided  in  5  campaigns: 

1.  Integration  flights  for  approving  the  operation  of  the 
RAPIN  system' in  the  C160  Transall.  set-up  the  data  gath¬ 
ering.  and  the  reference  sy  stem  AN/MPS.16. 

2.  Performance  tests  of  the  RAPIN  sensors  during  difterent 
flight  conditions  (height  variation  influencing  the  ADC  and 
Radar  Altimeter,  varying  the  overflown  terrain  significance 
influencing  the  TRN  pcrfonnancc.  aircraft  manoeuvres  in¬ 
fluencing  the  LINS-  and  GPS-pcrformancc)  and  the  per¬ 
formance  of  the  RAPIN  system  under  this  conditions. 

3.  Performance  tests  of  the  TRN  over  extreme  flat  terrain  and 
the  influence  on  the  RAPIN  sy.stcm  and  Radar  Altimeter 
tests  during  flights  over  sea.  Therefore  flight  trails  will  be 
done  in  northern  Germany. 

4.  High  precision  pcrfonnancc  tests  during  approach  and 
landing. 

5.  Long  range  flight  tests. 

4. 2. 1  Test  aircraft  Cl 60  Transall  AN.4  'FR.4 

The  RAPIN  test  aircraft  is  a  German  Airforce  Transall  Cl 60 
with  the  ANA/FRA  system  upgrade  installed  operated  by  the 
WTD61  of  the  German  MoD.  Sec  figure  [8]. 

4.2.2  Reference  Data 

The  reference  trajectory  of  the  RAPIN  test  aircraft  is  measured 
by  the  AN'MPS36  tracking  radar,  operated  by  the  WTD61  of 


the  German  MoD.  With  a  maximum  range  of  150  km  its  accu- 

racy  is: 

Azimuth  Accuracy; 

0.01  deg 

(RMS) 

Elevation  Accuracy: 

0.01 2dcg 

(RMS) 

Range  Accuracy: 

2  m 

(RMS) 

Which  translates  roughl>  to: 

North  -  East  Accuracy: 

4  m  (ff  25  km  distance 

(RMS) 

Altitude  Accuracy: 

5  m  'If  25  km  distance 

(RMS) 

Unavailabilitx  of  the  AN/MPS36  reference  data  by  operations 
close  to  the  ground,  maximum  range  of  approx.  150  km  and  the 
limited  accuracy  for  altitude  led  to  the  decision  to  install  a 
DGPS  reference  system  in  the  test-aircraft  for  the  future  low 
level  and  long  duration  flight  tests.  The  errors  shown  in  the 
flight  test  results  arc  difTerenccs  of  RAPIN  outputs  and  the 
AN/MPS36  reference  system. 


4. 2. 3  Data  A nalysis 

As  an  example  the  results  of  the  flight  at  the  25’*'  March  1 997 
will  be  discussed.  The  flight  profile  is  classified  as  low  cruise 
flight.  The  flight  consists  of  start  and  climb  to  altitude  1150m, 
two  loiter  turns  and  climb/dive  manoeuvres  between  1000  m 
and  approximately  1900  m  return  to  base  and  landing.  The 
height  agl  is  beyond  the  maximum  range  of  the  R/A  so  no  TRN 
is  available.  Figure  12  and  13  shows  the  horizontal  and  vertical 
flight  trajectory. 

Performance  of  the  MAfN  filter  LfNS/GPS/TRN 

The  horizontal  position  error  of  the  MAIN  filter  is  14  m  R95 
(as  can  be  seen  in  figure  14)  which  relates  to  a  7  m  CEP.  In 
figure  16  and  17,  the  difference  between  the  AN/MPS36 
tracking  radar  and  the  RAPIN  system  output  is  plotted  for  the 
North-  and  East-position  in  conjunction  with  the  Kalman  Filter 
calculated  standard  1  o  deviations  (square  root  of  the  covari¬ 
ances).  This  graph  shows  the  conservative  filter  design  con¬ 
taining  the  error  in  the  covariance  band.  The  altitude  channel 
shows  in  figure  15  the  2  o  error  bound  to  be  10  m  resulting  in  a 
5  m  RMS  error.  This  preliminary  result  can  still  be  optimised 
by  tuning  the  filter  parameters.  The  gaps  in  the  error  plots 
(figures  15,  16,  17)  tire  caused  by  AN/MPS36  tracking  radar 
outages. 

4.3  Filter  Optimisation 

The  filter  optimisation  will  be  done  at  a  later  stage  of  the  proj¬ 
ect  by  using  the  ‘forcing  tape’  technique.  Here  the  recorded 
flight  test  data  will  be  ‘replayed’  in  either  the  HIT  test  rig  under 
full  real  time  conditions  or  in  the  SIL  test  environment  with 
access  to  all  internal  variables  but  in  an  off-line  fashion. 


5  OUTLOOK 

The  project  is  now  in  the  phase  of  flight  testing  and  optimising 
the  single  lane  prototype  functionality.  The  flight  test  phase 
will  last  until  1998.  The  optional  project  extension  in  1998 
includes  the  extended  investigation  of  fault  behaviour  and  the 
final  assessment  of  performance. 

The  investigated  system  concept  of  RAPIN  is  a  general  purpose 
navigation  system  with  a  modular  extendible  and  adaptable 
design  that  can  be  used  in  the  whole  scenario  of  flight  safety 
critical  applications  where  navigation  data  is  involved. 

The  next  steps  in  the  refinement  of  this  navigation  concept  is 
the  assessment  of  the  dependability  figures  of  the  overall  sys¬ 
tem  and  integration  of  further  navigation  sensors  like  LORAN- 
C  or  image  referenced  navigation  sensors  (see  Lerche,  Tum- 
brSgel  Ref.  [27]). 


19-10 


6  REFERENCES 

[1]  Britting,  K.  R.;  Inertial  Navigation  Systems  Analysis. 
Wiley-Interscicnce  1971,  ISBN  0-471-10485-X 

[2]  Gelb,  A.;  Applied  Optimal  Estimation.  The  M.l.T.  Press. 
1986,  ISBN  0-262-70008-5 

[3]  Bryson,  Arthur  E.  Jr.;  HoYu-Chi;  Applied  Optimal  Con¬ 
trol;  Hemisphere  Publishing  Corporation  1975  ISBN  0-89116- 
228-3 

[4]  Taschenbuch  der  Navigation  Teldix  GmbH  1979 

[5]  Kohler,  Thomas;  Sieherheits-  und  Genauigkeitsproblcmc 
multiflinktionalcr  Tragkeitsensorsystem  fiir  Flugregelung  und 
Navigation,  Darmstadter  Dissertation  1992 

[6]  Beyer,  JQrgen;  Nichtlincarc  Sehatzung  inertialer  Navigati- 
onsgrOBen  dutch  die  fehlcrtolerante  Verarbeitung  zusatzlichcr 
Sliitzinfonnationcn,  Darmstadter  Dissertation  1993 

[7]  Sage  A.  P.  ,  Mclsa  J.  L.:  Estimation  Theoiy  McGraw-Hill. 
Inc  1971 

[8]  Brammcr  K.  ,  Siffling  G.:  Stochastischc  Grundlagcn  des 
Kalman-Bucy-Filters  Zweite  Auflagc.  R.  Oldcnbourg  Verl.ag. 
Miinchen/Wien  1986 

[9]  Brammer  K.  ,  Siffling  G.:  Kalman-Bucy-Filter  Zweite  Au- 
flage,  R.  Oldenbourg  Verlag.  MOnchen/Wien  1985 

[10]  Schrick  K.  W.:  Anwendungen  der  Kalman-Filtcr-Technik 
Erste  Auflage,  R.  Oldenbourg  Verlag.  MOnchenWien  1977 

[11]  Krebs  V.:  Nichtlincarc  Filtcrung  Erste  Auflagc.  R.  Oldcn¬ 
bourg  Verlag,  MUnchen/Wien  1980 

[12]  AGARD-AG-254  Advances  in  Inertial  Navigation  Systems 
and  Components  AGARDograph  No.  254,  1981 

[13]  Navtceh  Seminars,  Inc.:  ION  GPS-92  Tutorials  Albuquer¬ 
que,  New  Mexico,  September  14-15,  1992 

[14]  AGARD-LS-133  Advances  in  Strapdown  Inertial  Systems 
AGARD  Lecture  Series  No.  133,  1984 

[15]  Scherzinger  B.  M.:  General  Description  of  In-Air  Align¬ 
ment  and  Navigation  Honejovell  ATC,  Markham.  Ontario  1989 

[16]  Scherzinger  B.  M.:  Integrated  Navigation  System  Design 
Applied  Analytics  Corporation,  Willowdale.  Ontario  1991 

[17]  ACiARD-LS-166  Kalman  Filter  Integration  of  Modem 
Guidance  and  Navigation  Systems  AGARD  Lecture  Series  No. 
166,  1989 

[18]  Willsky  A.  S.:  A  Survey  of  Design  Methods  for  Failure 
Detection  in  Dynamic  Systems  Automatica.  Vol.  12.  pp  601- 
611  Pergamon  Prc.ss  1976 

[19]  Brumback  B.  D.  ,  Srinath  M.  D.:  A  Chi-Square  Test  for 
Fault-Detection  in  Kalman  Filters  IEEE  Transactions  on  Auto¬ 
matic  Control,  Vol.  AC-32,  No.  6,  June  1987 

[20]  Willsky  A.  S.  ,  Jones  H.  L.:  A  Generalized  Likelihood 
Ratio  Approach  to  State  Estimation  in  Linear  Systems  Subject 
to  Abrupt  Changes  The  Analjlic  Sciences  Corporation.  Read¬ 
ing,  Mass.,  under  USAE  Contract  No.  F04701-74-C-0095 


[21]  Carlson  N.  A.  ,  Kerr  T.  H.  ,  Sacks  J.  E.:  Preliminary'  IR¬ 
MA  321  Integrated  Navigation  Concept  Study  Intcrmctrics  Inc., 
Cambridge.  Massachusetts.  June  1984 

[22]  Kerr  T.  H.;  A  Critique  of  Several  Failure  Detection  Ap¬ 
proaches  for  Navigation  Systems  IEEE  Transactions  on  Auto¬ 
matic  Control.  Vol.  34,  No.  7,  December  1989 

[23]  ICAO  Aeronautical  Telecommunications  -  Annex  10  - 
Fourth  Edition  of  Volume  1,  April  1985 

[24]  Minimum  Aviation  System  Performance  Standards 

DGNSS  Instrument  Approach  System: 

Special  category  I  (SCAT-I);  RTCA/DO-217  August  27,  1993 
by  SC- 159 

[25]  Integrated  Vehicle  Management  Systems  ;  AGARD- 
Advisoiy  Report  343;  April  1996 

[26]  Continuity  Improvements  via  Inertial  Augmentation  of 
GPS  based  landing  system:  Ping-Ya  Ko.  Per  Engc,  J.  David 
Powell.  Stanford  University.  IEEE  Position  and  Location  Sym¬ 
posium  1996 

[27]  Radar  seeker  based  autonomous  navigation  update  system 
using  topography  feature  matching  techniques:  H.  D.  Lerchc.  F. 
Tumhragcl  AGARD-CP-524  Advances  in  Guidance  and  Con¬ 
trol  of  Precision  Guided  Weapons  Nov.  1992 


19-11 


7  APPENDIX 

7.1  Abbreviations 

ADC 

Air  Data  Computer 

AGARD 

Advisory  Group  for  Aerospace  Research  & 
Development 

agl 

above  ground  level 

ANA 

Autonome  Navigationsanlage 

CAT 

Operational  Performance  Category  (ICAO- 
Annex  10) 

FRA 

Flugregelungsanlage 

GPS 

Global  Positioning  System 

HIADC 

High  Integrated  Air  Data  Computer 

LATAN 

Low  Altitude  Terrain  Aided  Navigation 

LFK 

Lenk  Plug  KOrper 

LfNS 

Laser  Inertial  Navigation  System 

NavLab 

Navigation  Laboratory 

P(Y) 

Precision-Code  (encrYpted)  GPS 

RAPIN 

Reliable  Autonomous  Precise  Integrated  Navi¬ 
gation 

R/A 

Radar-Altimeter 

RTCA 

"Requirements  and  Technical  Concepts  for 
Aviation"  (new) 

Radio  Technical  Commission  for  Aeronautics 
(old) 

SDA 

Strap  Down  Algorithm 

TDB 

Terrain  Data  Base 

TRN 

Terrain  Referenced  Navigation 

UAV 

unmanned  air  vehicle 

UTA 

unmanned  tactical  aircraft 

7.2  Definitions  /  Terms 

The  following  definitions  /  terms  are  used  throughout  the  pa¬ 
per: 

‘Low  Level’:  low  height  above  ground  level  with  height  <  1 500 
ft 

‘Low  Level  Flight  Operation’:  e.g.  terrain  following,  ter¬ 
rain/threat  avoidance,  load  dropping,  reconnaissance;  target 
designation;  weapon  aiming  and  delivery  etc. 

‘Terrain  Following  Operation’:  guiding  the  aircraft  over  the 
terrain  with  a  set  clearance  height  in  the  range  of  1 500ft  down 
to  100ft  with  less  than  1000ft  recommended. 

‘Military  Aircraft’:  transport  aircraft,  manned  and  unmanned 
tactical  aircraft,  helicopters,  stand-off-weapons,  drones. 

‘Approach  and  Landing’:  locating,  approaching,  and  bringing 
the  aircraft  safely  down  on  a  runway  not  only  on  dedicated  safe 
airports  but  also  in  the  ‘Forward  Operating  Strip’  under  mili¬ 
tary  conditions  or  in  airfields  with  low  intense  hostile  environ¬ 
ment  like  the  UN  protection  zones. 

The  following  definitions  are  in  accordance  with  AGARD-AR- 
343. 

‘Dependability’:  The  dependability  is  the  aggregate  term  for 
reliability,  availability,  integrity  (safety  and  security),  and 
survivability.  It  is  normally  used  only  in  a  qualitative  sense 
because  the  component  measures  are  so  diverse.  To  be  used  in 
a  quantitative  sense,  dependability  would  have  to  include  the 
numeric  values  for  each  of  its  component  measures. 


‘Survivability’:  The  survivability  is  the  ability  of  a  device  to 
withstand  the  hazards  created  by  any  external  hostile  action.  It 
is  usually  defined  as  the  probability  that  the  device  will  not 
suffer  service  degradation  below  a  specified  limit  within  a 
specified  time  period.  This  time  period  is  usually  one  mission 
time,  but  sometimes  it  is  specified  on  a  per-hour  basis. 

‘Reliability’:  The  reliability  is  defined  by  a  mathematical  func¬ 
tion,  R(t),  which  evaluates  the  probability  that  a  device  will 
have  provided  acceptable  service  from  some  initial  time  until 
time  =  t. 

Remark:  This  definition  is  comparable  to  RTCA  DO  217  where 
acceptable  service  relates  to  the  fact  that  the  device  /  function 
has  no  failure. 

The  following  definitions  are  in  accordance  with  RTCA  DO 
217  Appendix  L. 

‘Availability’:  The  availability  of  a  navigation  system  is  the 
ability  of  the  system  to  provide  the  required  guidance  at  the 
initiation  of  the  intended  operation.  Availability  Risk:  is  the 
probability  that  the  required  guidance  will  not  be  present  at  the 
initiation  of  the  intended  operation.  Availability  is  an  indication 
of  the  ability  of  the  system  to  provide  usable  service  within  the 
specified  coverage  area.  Signal  Availability:  is  the  percentage 
of  time  that  navigational  signals  transmitted  from  external 
sources  are  available  for  use.  Availability  is  a  function  of  both 
the  physical  characteristics  of  the  environment  and  the  techni¬ 
cal  capabilities  of  the  transmitter  facilities. 

‘Continuity’:  The  continuity  of  a  system  is  the  ability  of  the 
total  system  (comprising  ah  elements  necessary  to  maintain 
aircraft  position  within  the  defined  airspace)  to  perform  its 
function  without  non-scheduled  interruptions  during  the  in¬ 
tended  operation.  The  Continuity  Risk  is  the  probability  that 
the  system  will  be  unintentionally  interrupted  and  not  provide 
guidance  information  for  the  intended  operation.  More  specifi¬ 
cally,  continuity  is  the  probability  that  the  system  will  be  avail¬ 
able  for  the  duration  of  a  phase  of  operation,  presuming  that  the 
system  was  available  at  the  beginning  of  that  phase  of  opera¬ 
tion. 

‘Integrity’:  The  integrity  of  a  system  is  that  quality  which  re¬ 
lates  to  the  trust  which  can  be  placed  in  the  correctness  of  the 
information  supplied  by  the  total  system.  Integrity  Risk:  is  the 
probability  of  an  undetected  (latent)  failure  of  the  specified 
accuracy.  Integrity  includes  the  ability  of  the  system  to  provide 
timely  warnings  to  the  user  when  the  system  should  not  be  used 
for  the  intended  operation. 
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figure:  1  RAPIN  Mission  Scenario 
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figure;  2  RAPIN  Requirements 
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figure:  3  Sensor  Integration 
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figure:  4  Sensor  Characterisation 
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figure  :  5  RAPIN  Overall  system 


figure:  6  RAPIN  System  Concept 


figure:  7  RAPIN  Monitor  Scheme  figure:  8  RAPIN  Test  Aircraft  C160  Transall 
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figure  9;  NavLab  Overview 


figure  10:  NavLab  Simulation 
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figure  1 1 :  LATAN  TRN  Principle 
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figure  13:  Vertical  Flight  Trajectory 
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Landmark  navigation  and  autonomous  landing  approach 
with  obstacle  detection  for  aircraft 
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®Institut  far  Systemdynamik  und  Flugmechanik,  Universitat  der  Bundeswehr  Munchen 
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ABSTRACT 

A  machine  perception  system  for  aircraft  and 
helicopters  using  multiple  sensor  data  for  state 
estimation  is  presented.  By  combining  conventional 
aircraft  sensors  like  gyros,  accelerometers,  artificial 
horizon,  aerodynamic  measuring  devices  and  GPS 
with  vision  data  taken  by  conventional  CCD- 
cameras  mounted  on  a  pan  and  tilt  platform,  the 
position  of  the  craft  can  be  determined  as  well  as 
the  relative  position  to  runways  and  natural 
landmarks. 

The  vision  data  of  natural  landmarks  are  used  to 
improve  position  estimates  during  autonomous 
missions.  A  built-in  landmark  management  module 
decides  which  landmark  should  be  focused  on  by 
the  vision  system,  depending  on  the  distance  to  the 
landmark  and  the  aspect  conditions.  More  complex 
landmarks  like  runways  are  modeled  with  different 
levels  of  detail  that  are  activated  dependent  on 
range.  A  supervisor  process  compares  vision  data 
and  GPS  data  to  detect  mis-tracklng  of  the  vision 
system  e.g.  due  to  poor  visibility  and  tries  to 
reinitialize  the  vision  system  or  to  set  focus  on 
another  landmark  available.  During  landing 
approach  obstacles  like  trucks  and  airplanes  can  be 
detected  on  the  runway. 

The  system  has  been  tested  in  real-time  within  a 
hardware-in-the-loop  simulation.  Simulated  aircraft 
measurements  corrupted  by  noise  and  other 
characteristic  sensor  errors  have  been  fed  into  the 
machine  perception  system;  the  image  processing 
module  for  relative  state  estimation  was  driven  by 
computer  generated  imagery.  Results  from  real¬ 
time  simulation  runs  are  given. 

Keywords:  machine  perception,  computer  vision, 
autonomous  aircraft,  hardware-in-the- 
loop  simulation,  landmark  navigation, 
obstacle  detection. 


1.  INTRODUCTION 

The  extended  machine  perception  system  (MPS) 
presented  in  this  paper  has  been  designed  to 
perform  autonomous  and  automatic  aircraft  or 
rotorcraft  flights  [1].  A  complete  mission  from 
take-off  to  landing  has  to  be  conducted.  For  this 
purpose,  the  system  has  to  have  the  capabilities  to 
estimate  the  actual  state  of  the  aircraft,  to  navigate 
according  to  the  mission  waypoints,  and  to  stabilize 
and  guide  the  aircraft.  For  full  autonomy  only 
sensors  mounted  onboard  the  aircraft  are  being 
used,  i.e.  no  precision  navigation  aids  with  ground- 
based  infrastructure  are  included. 

Optimal  state  estimation  is  achieved  by  combining 
standard  aircraft  sensors  which  provide  good 
information  in  the  high  frequency  range  with  an 
image  processing  system  (IPS),  which  provides 
good  information  at  lower  fi-equencies  and  a  very 
high  accuracy  during  the  final  landing  approach. 

The  runway  obstacle  detection  and  tracking 
(ROOT)  module  is  part  of  the  IPS  and  can  detect 
obstacles  like  trucks  on  the  runway.  When  an 
obstacle  gets  detected  an  alert  is  sent  to  the  MPS  in 
order  to  break  off  the  landing  approach. 

Section  2  describes  the  process  structure  of  the 
MPS  and  the  IPS  to  conduct  autonomous  and 
automatic  helicopter  flight  from  lift-off  along  a  pre¬ 
defined  flight  path  towards  a  landing  spot. 

Section  3  explains  the  hardware  implementation 
designed  for  hardware-in-the-loop  simulation  and 
real  flight  tests. 

Section  4  focuses  on  results  from  real-time 
simulation  trials.  A  horizontal  flight  loop  and  a 
landing  approach  with  obstacle  detection  will  be 
discussed. 

Section  5  gives  some  conclusions  and  an  outlook 
on  further  developments. 

2.  PROCESS  AND  DATA  STRUCTURE 
OF  THE  MPS  AND  THE  IPS 

The  machine  perception  system  presented  here 
consists  of  the  following  basic  processes: 
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•  the  multi-sensor  state  estimator  (MSSE) 

•  the  vehicle  control  process  (VC) 

•  the  aircraft  interface  process  (AC-IF) 

•  the  interface  process  to  the  image  processing 
system  (IPS-IF). 

The  image  processing  system  consists  of  the 
following  basic  processes: 

•  the  model  based  landmark  tracking  process 
(REALIS) 

•  the  runway  obstacle  detection  and  tracking 
process  (ROOT) 

•  the  TIP-Bus  processes  (TIP) 

•  the  interface  process  to  the  machine  perception 
system  (MPS-IF) 

The  processes  and  their  communication  data  paths 
are  shown  in  Fig.  2.1. 

The  processes  and  the  data  structure  of  the  MPS 
had  already  been  extensively  discussed  in  [I].  So  in 
this  paper  only  a  brief  review  of  the  MPS  will  be 
given,  but  the  IPS  will  be  discussed  in  detail. 


themselves;  this  knowledge  is  stored  in  the  sensor 
processing  modules. 
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2.2  Vehicle  control 


Vehicle  control  performs  the  navigation  task, 
monitors  the  actual  state  of  the  mission  and 
computes  the  controls  for  automatic  flight. 
Currently,  a  state  controller  is  implemented 
combining  feedfonA’ard  and  feedback 
components;  more  information  about  that  may 
be  found  in  [I]  and  [2]. 

2.3  Aircraft  interface 


I  COLOR 
T  DISPLAY 


Figure  2.1 :  Processes  and  data  paths  of  the  MPS  and  IPS. 

2.1  Multi-sensor  state  estimator 

The  multi-sensor  state  estimator  uses  measurements 
from  several  sensor  processing  modules  to  generate 
the  optimal  state  estimate.  The  state  vector  of  the 
MPS  consists  of  the  state  variables  shown  in 
equation  2.1;  they  are  related  to  a  body-fixed 
coordinate  system  located  in  the  craft’s  center  of 
gravity  and  pointing  along  the  main  axes  of 
moments  of  inertia,  and  a  geographic  coordinate 
system. 

An  Extended  Kalman  Filter  [8]  is  implemented  to 
perform  recursive  state  estimation.  State  prediction 
is  done  by  exploitation  of  either  a  non-linear 
dynamical  model  of  a  BO105  helicopter  or  an 
integration  model. 

All  sensor  processing  modules  attached  to  the 
multi-sensor  state  estimator  receive  a  predicted 
state  and  the  related  error  covariance  matrix;  they 
return  valid  measurements  in  the  given  structure. 

As  a  result,  the  state  estimate  update  does  not  need 
to  have  any  knowledge  about  the  sensors 


The  aircraft  interface  process  receives 
measurement  data  from  the  aircraft  onboard 
computer  and  transmits  control  values 
received  from  the  vehicle  control  process  in  the 
case  of  automatic  flight.  State  estimates  from  the 
multi-sensor  state  estimator  are  used  to  compute 
predicted  measurements,  the  corresponding 
Jacobian  vectors,  which  are  the  derivatives  of  the 
measurements  related  to  the  state  vector,  and 
confidence  values,  which  are  used  to  determine 
sensor  faults  for  outlier  removal. 

The  simulated  measurements  are  corrupted  with 
noise  and  other  characteristic  sensor  errors  m. 
Currently,  accelerometers,  rate  gyros,  artificial 
horizon,  barometric  height,  aerodynamic  data  and 
GPS  measurements  in  S/A-mode  are  simulated. 

2.4  MPS /IPS  interface 

The  image  processing  interface  process  receives 
state  estimates  from  the  multi-sensor  state 
estimator.  They  are  used  to  perform  the  selection  of 
objects  to  be  surveyed  by  the  image  processing 
system.  Location  information  and  window 
parameters  of  specific  objects  stored  in  a  database 
determine  if  an  object  is  detectable.  If  the  object  is 
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close  enough  and  lies  within  the  sweeping  area  of 
the  pan  and  tilt  platform,  a  command  is  sent  to  the 
platform  controller  consisting  of  the  angles  required 
to  point  towards  the  object.  If  no  object  is  within 
reconnaissance  range,  the  platform  is  directed 
towards  the  horizon. 

After  a  short  time  interval,  a  message  is  sent  to  the 
image  processing  system  consisting 
of  the  actual  camera  platform  angles, 
the  predicted  state  estimate  and  the 
objects  to  be  surveyed.  The  image 
processing  system  starts  a  state 
estimation  process  with  these  initial 
values  and  sends  the  current  state 
estimates  back  to  the  image 
processing  interface  process.  Similar 
to  the  aircraft  interface  process,  a 
confidence  match  is  performed;  if 
the  state  estimates  stemming  from 
the  image  processing  system  are 
regarded  to  be  out  of  the  confidence 
range,  the  image  processing  system 
is  reset. 

2.5  Landmark  tracking 

The  landmark  tracking  system  is  based  on  REALIS 
which  is  a  model  based  object  tracking  system  that 
has  been  developed  for  the  ROTEX  free-flyer 
experiment  during  the  D2-Spacelab-mission  [3]. 

The  REALIS  system  consists  of  four  major  parts: 

•  Object  modeling 

The  three  dimensional  geometry  of  objects  is  set 
up  by  points,  edges  and  surfaces.  For  all  these 
elements  homogenous  coordinates  are  used 
exclusively.  When  an  object  geometry  is  created 
its  points  get  connected  to  edges  and  the  edges 
get  connected  to  closed  surfaces.  Ferguson  curves 
are  used  for  modeling  edges  as  they  only  require 
tangent  parameters  to  describe  a  general  curve  in 
3D  space. 

Every  edge  of  an  object  has  an  indicator  whether 
it  should  be  used  for  image  measurement  or  not. 
The  horizon,  for  example,  is  modeled  as  a  huge 
rectangle  perpendicular  to  the  surface  of  the 
Earth  with  only  one  edge  visible.  Furthermore 
whole  objects  may  be  enabled  and  disabled  for 
image  measurement  via  the  MPS-IF.  This  is  an 
easy  way  to  implement  multiple  levels-of-detail 
(LOD)  for  one  object.  The  object  ‘runway’  for 
example  has  been  modeled  as  a  rectangle  on  the 
coarse  level,  with  its  adjacent  taxiways  on  the 
2nd,  the  outline  of  both  thresholds  on  the  third, 
and  the  single  rectangular  patches  of  the 
thresholds  on  the  fourth  level. 

•  Scene  tree 

All  objects  are  linked  together  in  a  tree  structure 
which  is  shown  in  figure  2.2.  Each  node,  i.e. 
object  has  its  own  local  coordinate  system.  The 


positions  of  all  son-nodes  are  given  in  local 
coordinates  of  their  unique  father’s  coordinate 
system.  As  in  a  tree  there  is  always  exactly  one 
path  from  one  node  to  another;  the  relative 
positions  between  all  objects  are  described 
uniquely.  The  relative  position  between  two 
nodes  can  either  be  fix  or  will  be  estimated. 


As  root  node  the  airfield  reference  point  (AFRP) 
of  the  airport  Braunschweig  /  Germany  was 
chosen.  The  x-axis  of  this  root  coordinate  system 
is  pointing  north,  the  y-axis  is  pointing  to  the  east 
and  the  z-axis  is  pointing  to  the  center  of  gravity. 

•  Image  measurement 

Image  measurement  starts  with  making  a 
visibility  test  for  all  object  surfaces.  Therefore, 
the  normal  vector  of  each  surface  is  calculated 
and  when  it  is  pointing  towards  the  camera  the 
surface  is  called  ‘visible’.  Then  the  homogenous 
coordinate  transformation  matrices  have  to  be 
build.  This  is  done  by  walking  through  the  scene 
tree  from  the  present  object  to  the  active  camera 
and  multiplying  all  local  transformation  matrices. 
Now  the  edges  of  the  objects  can  be  transformed 
into  the  image  coordinate  system,  and 
measurement  commands  for  the  feature 
extraction  library  ‘Cronos’  [5]  can  be  generated. 

•  State  estimation 

An  extended  Kalman  Filter  [8]  is  used  to  estimate 
all  state  variables.  This  is  a  recursive  process 
performed  in  two  steps; 

Prediction  of  the  state  vector  and  the  covariance 
matrix: 

X*  =0x  +  Bu 
P’  =0  P  e^-fQ 

For  state  prediction  a  simple  integration  model  is 
used. 

Innovation  of  the  Kalman-gain,  the  covariance 
matrix  and  the  state  vector: 


Figure  2.2:  Scene  tree  of  the  landmark  tracking  system. 
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K  =  P*  (C  P*  C'^  +  R)  ' 

P  =  (I-K  C)  P* 
x  =  x*+K-(y-y*) 

The  Jacobian  matrix  C  describes  the  relation 
between  measurements  and  state  variables.  It  is  a 
function  of  object  geometry,  its  position  relative  to 
the  camera  and  the  camera  parameters  like  focal 
length  and  resolution. 

The  measurement  variance  matrix  R  is  constant  and 
contains  the  characteristic  sensor  errors. 

After  REALIS  has  been  started  via  the  MPS-IF  it 
runs  autonomously  at  a  cycle  time  of  20ms  and 
processes  the  two  camera  images  sequentially.  The 
current  state  estimate  of  the  aircraft  as  shown  in 
equation  2.4  is  send  back  to  the  MPS  every  40ms 
and  the  camera  platform  angles  get  updated  from 
the  MPS. 
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2.6  Runway  obstacle  detection  and  tracking 

The  runway  obstacle  detection  and  tracking  system 
is  based  on  algorithms  used  for  the  detection  of  cars 
driving  on  a  road  [4].  The  known  area  of  the 
runway  is  scanned  along  horizontal  search  paths  for 
small  edge  elements.  If  there  is  a  local 
accumulation  of  edge  elements  found  they  are 
aggregated  to  an  object  outline.  If  the  area  of  this 
new  object  is  of  valid  size  and  shape  for  a  truck  and 
its  gray  level  differs  from  the  mean  gray  level  of 
the  white  markings  on  the  runway  an  obstacle  is 
found.  When  this  detection  can  be  repeated  for  at 
least  5  video  cycles  an  obstacle  alert  is  sent  to  the 
MPS. 


2.7  Image  acquisition  and  distribution  with  the 
TIP-bus 

The  transputer  image  processing  (TIP)  bus  is  a  fast  (2-3) 
backbone  for  transferring  video  images  in  real  time. 

It  will  be  explained  in  more  detail  in  section  3.  The 
process  running  on  the  monochrome  frame  grabber 
(MFG)  is  the  TIP-Bus  master.  It  controls  image 
acquisition  and  distribution  whereas  the  other  TIP 
processes  are  slaves  that  receive  images. 

Two  standard  monochrome  TV  cameras  are 
connected  to  the  input  of  the  MFG.  As  TV  cameras 
have  interlaced  images  the  input  selector  of  the 
MFG  switches  between  camera  0  and  camera  1 
while  field  0  and  field  1  are  digitized.  Therefore,  a 
new  image  with  a  reduced  resolution  of  320  x  256 
pixel  but  with  no  delay  time  between  the  lines  is 
available  every  20ms.  The  processes  running  on  the 
TIP-slaves  use  double  buffering  for  measurement 
input  and  for  drawing  images  for  monitoring.  The 
images  to  be  drawn  will  be  sent  to  a  display  process 
that  is  connected  to  a  color  graphics  display  for  real 
time  visualization  of  the  results  of  the  image 
processing  system. 

3.  HARDWARE  IMPLEMENTATION 

The  whole  system  is  implemented  on  a  parallel 
transputer  system  developed  by  Parsytec.  Each 
transputer  offers  four  high  speed  communication 
links  with  a  band  width  of  20Mb/s  and  a  minimum 
overlay  time  for  communication  setup.  As  standard 
processors  the  inmos  T805/30MHZ  have  been 
chosen.  For  the  ‘number  crunching’  tasks  like  state 
estimation  and  image  processing  Motorola’s 
PowerPC  601  with  66MHz  respectively  80MHz  is 
used.  The  MPS  processes  are  running  at  a  cycle 
time  of  40ms,  the  IPS  processes  are  running  even  at 
20ms. 

The  hardware  implementation  as  shown  in  figure 
3.1  consist  of  three  main  parts: 

3.1  Machine  perception  system 
The  MSSE  module  performing  the  multi-sensor 
state  estimation  is  placed  on  a  PowerPC  601;  it  is 
connected  to  the  VC  module  performing  the  vehicle 
control  process  and  the  AC-IF  module  running  the 
aircraft  interface  process,  both  placed  on  T805 
transputers.  The  communication  module  CM  is 
implemented  to  manage  the  data  exchange  with  the 
camera  platform  controller.  The  MPS  /  IPS-IF 
handles  the  data  flow  between  the  MSSE  and 
REALIS  respectively  ROOT. 

The  connection  to  the  simulation  computer  is 
realized  by  a  RS422  link  with  the  same  data 
exchange  structures  as  specified  for  future  flight 
test 
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3.2  Image  processing  system 

Real  time  images  are  transferred  via  the  TIP-Bus 
developed  by  Parsytec.  It  is  a  32Bit  bus  running  at 
25MHz  with  a  maximum  transfer  rate  of  lOOMBs. 
The  processes  running  on  the  TIP  boards  carry  out 
the  slightly  complicated  initialization  of  the  TIP- 
Bus  and,  in  the  real-time  phase,  they  take  care  of 
the  correct  sending  and  receiving  of  the  images. 

Two  monochrome  TV  cameras  with  focal  lengths 
of  25mm  and  50mm  are  connected  to  the  TIP- 
MFG.  Digitizing  of  the  camera  signals  is  controlled 
by  the  MFG  process  running  on  a  T805.  The  TIP- 
MPCs  have  2MB  of  triple  ported  VRAM.  The  TIP- 
Bus  controller  process  runs  on  the  T425  that  is  also 
used  by  the  PPG  601  for  communication  purposes. 
REALIS  and  ROOT  are  both  running  on  a  PPG  601 
of  their  own,  so  that  they  have  direct  access  to  the 
camera  images  and  a  maximum  of  computing 
power  available.  They  are  both  connected  to  the  IP- 


IF  via  a  direct  link.  The  TIP-GGD  has  a  video 
controller  that  displays  the  contents  of  its  VRAM 
on  a  standard  VGA  monitor.  So  the  image  draw 
buffers  receive  from  the  TIP-MPGs  can  be 
displayed  or  saved  on  a  VGR.  The  process  running 
on  the  T805  mounted  on  the  TIP-GGD  can  save 
images  as  PGX  files  in  the  real-time  phase. 

3.3  Camera  platform  controller 

The  camera  platform  controller  receives  the 
position  commands  from  the  MPS  and  sends  back 
the  current  yaw  and  pitch  angle  of  the  platform. 
The  digital  controller  runs  at  a  cycle  time  of  2ms 
and  stabilizes  the  platform  inertially  by  the  use  of 
two  rate  gyro  signals. 
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Figure  3.1;  Hardware  architecture  of  the  system. 
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4.  RESULTS  FROM  SIMULATION  figures  show  the  different  LODs  of  the  runway- 

TRIALS  model.  The  next  way-point  called  ‘Crossing  1’  is 

about  3km  west  of  the  runway.  During  this  flight 
Several  closed-loop  simulation  trials  with  a  BO105  period  at  a  speed  of  30m/s  in  a  height  of  60m  the 

helicopter  have  been  conducted  under  real-time  IP§  ^gj.  inactive  and  the  MPS  accumulated  an 

conditions  at  a  cycle¬ 
time  of  40ms.  The 
simulation 

environment  was  a 
model  of  the 
Braunschweig  airport 
region  [2].  The  upper 
part  of  the  snap-shots 
is  the  output  of  the 
weak  tele  camera 
(25mm),  the  lower 
part  stems  from  the 
stronger  tele-lens 
camera  (50mm);  the 
two-axis  platform  was 
engaged  during  the 
approach.  Within  the 
images  the  outlines  of 
the  currently  active 
landmarks  are  drawn. 

They  represent  the 
internal  estimate  of 
the  IPS  about  the 
relative  position  of  the 
helicopter.  The  short 
lines  mostly 

perpendicular  to  the 
outlines  are  the  search 
paths  of  the  edge 
detectors. 

4.1  Horizontal  flight 
loop 

The  flight  plan  of  the 
go-around  trip  in  the 
region  of  the  Braun¬ 
schweig  airport  with 
all  its  way-points  and 
landmarks  is  shown  in 
figure  4.1.  The 
helicopter  lifted-off  at 
the  point  called 
‘Heli  H  East’  and 
passed  the  first  way- 
point  ‘Threshold  27’ 
at  a  height  of  30m  and 
a  speed  of  20m/s.  On 
the  way  to  the  next 
way-point 
‘Threshold  09’the 
snap-shots  shown  in 
figure  4.2  to  4.4  have 

been  taken.  These  Figure  4.1:  Flight  plan  of  the  circular  flight  test  in  Braunschweig. 
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error  in  the  position  estimate  as  GPS  was  used  in 
S/A  mode.  When  the  IPS  started  tracking  the 
‘Crossing  1  ’  (fig.  4.5)  the  position  accuracy  could 
be  increased  significantly.  After  flying  a  sharp 
curve  at  the  ‘Turning  Point’,  ‘Crossing  2’  was  the 
next  landmark  (fig.  4.6).  The  flight  loop  ended  with 
a  successful  landing  approach  on  the  ‘Heli  H  West’. 
At  a  distance  of  600m  tracking  of  the  taxiways  was 
started;  at  a  distance  of  150m  the  frame  and  the 
white  ‘Heli  H’  were  also  used  for  tracking. 


Figure  4.3:  Runway  and  taxiways  active; 

threshold  had  just  been  activated. 


Figure  4.2:  Runway  at  lowest  LOD  as  a 
rectangle. 


Figure  4.4:  Low  altitude  fly-by  at  ‘Threshold  09 
with  all  LODs  active. 
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Figure  4.5:  Tracking  of  ‘Crossing  1  ’  with  the 
position  error  estimate  still 
decreasing. 


Figure  4.6;  Tracking  of  ‘Crossing  2’  with  the 

village  of  Wendcn  in  the  background. 


Figure  4.7;  Tracking  of  taxiways,  frame  and 
Heli  H  during  the  final  approach. 

In  the  next  three  subsections  timeplots  from  the 
flight  loop  are  discussed.  The  figures  show  the 
longitudinal  and  lateral  position  of  the  aircraft 
plotted  over  the  time  axis.  The  lines  marked 
‘TRUE’  correspond  to  the  states  calculated  by  the 
simulation  computer.  The  lines  marked  ‘MPS’ 
present  the  states  estimated  by  the  MSSE  that  arc 
derived  from  conventional  sensors  and  the  IPS.  The 


Longitude  [deg]  Latitude  [deg] 
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‘IPS’  lines  correspond  to  the  state  estimated  by  the 
image  processing  system  that  runs  independently 
after  activation.  The  ‘GPS’  lines  are  the  simulated 
GPS  signals  with  C/A  code  and  selective 
availability.  This  signal  has  a  IHz  refresh  rate  like 
common  GPS  receivers. 

4.1.1  Measurement  of  the  runway 

The  IPS  was  activated  at  38s  with  the  rectangular 
runway  model.  After  a  short  time  of  oscillation  the 
state  estimate  of  the  IPS  comes  very  close  to  the 
real  values,  with  a  very  good  longitudinal  estimate 
as  there  are  more  measurement  windows  on  the 
sidelines  than  on  the  endlines  of  the  runway.  The 


stronger  oscillation  of  the  lateral  estimate  are 
eliminated  when  the  taxiways  get  activated  at  44s. 

4.1.2  Measurement  of  crossing  2 

The  position  estimates  show  oscillations  when  the 
IPS  gets  activated.  Their  amplitudes  die  away  over 
a  period  of  about  4s  and  converge  on  the  real 
values.  This  effect  can  be  traced  back  to  the 
distribution  of  the  measurement  windows  in  this 
scene.  The  concurrent  estimation  of  range,  height 
and  pitch  angle  is  based  on  features  of  the 
horizontal  road  in  fig.  4.6.  These  feature  are  very 
indistinct  when  the  IPS  gets  started  at  a  distance  of 
800m,  but  they  become  clearer  as  the  aircraft 
approaches  the  crossing. 


Runway  Runway 


Mgure  4.8: 


Latitude  position  of  helicopter  during  runway  fly-by. 


Runway  Runway 


Figure  4.9:  Longitude  position  of  helicopter  during  runway  fly-by. 
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Figure  4.10:  Latitude  and  longitude  position  of  helicopter  during  crossing  2  fly-by. 


4.1.3  Measurement  of  the  helicopter  landing  spot 
The  aim  of  this  flight  was  the  western  helicopter 


landing  spot  that  is  located  on  the  taxiways. 
Tracking  of  the  taxiways  began  in  a  range  of  600m 
so  that  the  position  estimate  got  accurate  enough  to 
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Figure  4.1 1:  Latitude  position  of  helicopter  during  final  landing  approach. 
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Figure  4.12:  Longitude  position  of  helicopter  during  final  landing  approach. 
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Start  tracking  of  the  difficult  object  helicopter  H 
and  its  frame  in  a  range  of  150m.  In  the  final 
approach,  the  precision  of  the  position  estimate  was 
below  0.5m. 

4.2  Landing  approach  with  obstacle  detection 

A  straight  landing  approach  of  the  BO  105 
helicopter  at  Threshold  09  was  conducted  to  test  the 
RODT  module.  Snap-shots  are  shown  in  Figure 
4.13,  where  a  truck,  standing  in  longitudinal 
direction  was  used  as  an  obstacle.  At  a  distance  of 
2.1km  it  could  be  detected  in  the  stronger  tele 
camera  and  at  a  distance  of  1.3km  in  the  mild  tele 
camera. 


Figure  4.13:Obstacle  detection  during  landing 
approach. 

5.  CONCLUSION 

Results  from  real-time  hardware-in-the-loop 
simulations  for  autonomous  landmark  navigation 
and  landing  approaches  have  been  demonstrated. 
Image  processing  as  a  sensor  for  relative  state 
estimation  in  combination  with  inertial  sensors  is 


able  to  deliver  the  accuracy  required  to  perform 

precise  automatic  flight  and  landing  guidance. 

Further  developments  we  are  working  on  are: 

•  Improvement  of  overall  system  performance  by 
porting  the  algorithms  to  a  new,  more  powerful 
and  versatile  hardware. 

•  Upgrading  of  the  image  generation  system  to  get 
a  more  realistic  image  simulation  at  higher 
resolutions. 

•  Implementation  of  area  based  image  operators. 

•  Development  of  a  landmark  and  landscape 
database  based  on  DTED  and  DFAD. 
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1.  ABSTRACT 

The  UTA  (Unmanned  Tactical  Aircraft)  or,  in  general,  the  UAV 
(Unmanned  Air  Vehicle)  typical  requirements  for  either 
non-lethal  or  lethal  tactical  missions,  imply  both  the  capability 
to  transmit,  by  means  of  a  Data  Link,  real-time  data  (for 
instance  IR,  Video,  Radar  or  Navigation  Data)  and  to  receive 
commands  (to  reprogram  partially  or  completely  the  mission 
profile)  to  /  from  Ground  Stations. 

The  paper  faces  various  aspects  related  to  Data  Links  for  UTA  / 
UAV,  presents  system  considerations  and  describes  the 
development  results  obtained  with  the  J  Band  UAV  Data  Link 
realized  in  Marconi  and  provided  to  Italian  MoD. 

2.  INTRODUCTION 

2.1  Scope  of  the  document 

Scope  of  the  paper  is  to  present  some  system  considerations 
and  design  criteria  for  the  Unmanned  Air  Vehicle’s  Data  Links. 
These  considerations  and  criteria  will  be  derived  both  from 
theoretical  evaluations  of  the  UAV  communication 
requirements  and  from  experimental  results  achieved  with  a 
practical  implementation  of  UAV  Data  Link,  the  Marconi  SpA 
J  Band  Data  Link. 

To  derive  design  criteria,  the  paper  will  briefly  define  the  Data 
Links  role  and  the  UAV  communication  requirements  to  be 
fulfilled. 

Starting  from  these  requirements,  considerations  regarding  the 
various  typologies  of  Data  Links  for  UAV  applications 
(Point-to-Point  Radio  Data  Links,  Satellite  Data  Links,  Fiber 
Optics  Links)  will  be  presented  to  identify  the  most  suitable 
solutions. 

The  need  of  the  Point-to-Point  Radio  Data  Links  for  UAV 
applications,  in  particular  for  payload  and  Command&Control 
Data  real-time  transmission,  will  result. 

A  general  design  process  to  be  followed  in  the  development  of 
UAV  Data  Links  will  then  be  presented. 

As  result  of  the  test  trials  performed  on  the  Marconi  SpA  J 
Band  Data  Link,  the  system  and  implementation  choices 
derived  during  the  design  process  have  been  verified  and 
proved  to  be  suitable  for  the  UAV  applications.  The  paper  will 
present  the  experimental  results  achieved. 

The  last  part  of  the  paper  focuses  reader’s  attention  on  the 
additional  functions  that  will  be  implemented  in  the  near  future 
for  the  Marconi  applications  and  on  the  future  developments 
foreseen  for  UAV  Data  Links. 

2.2  Data  link  role  in  an  Unmanned  Air  Vehicle 

UAVs  can  be  classified  in  families,  e.g.: 

*  Tactical  Military  UAV  for  near  real-time  tactical 
reconnaissance  ,  surveillance  and  target  acquisition; 

*  Endurance  Military  UAV  for  near  real-time  theater 
intelligence  and  surveillance; 

*  UTA; 

*  Non-military  UAV,  tactical  and  endurance. 


Possible  UAV  utilizations  cover  a  wide  range  of  applications 
like: 

*  Military  Environment: 

-  Surveillance; 

-  Reconnaissance  and  Target  Acquisition; 

-  Targeting  and  Enemy  Engagement; 

-  Direct  Attack; 

-  Battle  Damage  Assessment; 

-  Electronic  Warfare; 

-  Antisubmarine  Warfare; 

-  Amphibious  Operation  Support; 

-  Training. 

*  Non-Military  Environment: 

-  Weather  Monitoring; 

-  Mapping  /  Monitoring  of  areas  affected  by  disaster; 

-  Search  and  Rescue; 

-  Agricultural  Support; 

-  Border&Security  Patrol; 

-  Environment  Monitoring. 

Among  all  these  UAV  categories  and  for  all  these  applications, 
main  common  Data  Link  functions  can  be  identified  in: 

*  Payload  and  combat  system  data  transmission  for  ”man-in 
the  loop  operations”,  real  time  analysis  and  data 
exploitation; 

*  Command  /  Control  /  Status  signals  transmission  during 
navigation  for  near  real  time  UAV  control  and  monitoring; 

*  Command  /  Control  /  Status  signal  transmission  during 
take-off  /  landing  for  real  time  UAV  control  and 
monitoring. 

Other  data  link  possible  additional  functions  for  specific 
operations  are: 

*  Transmission  relay  for  Over  The  Horizon  communication; 

*  UAV  tracking  to  allow  precise  determination  of  vehicle 
present  position. 

The  design  considerations  presented  in  the  paper  are  applicable 
to  UTA  but  can  be  extended  to  all  the  main  categories  of  UAVs. 

The  large  majority  of  UAVs  have  one  or  more  Data  Links  to 
perform  the  above  required  functions  since  a  complete 
programmed  mode,  not  in  real-time,  is  generally  not 
compatible  with  the  above  listed  real-time  applications  and, 
furthermore,  might  not  cope  with  Air  Traffic  Management 
Regulations,  at  present  still  in  the  definition  phase. 

UAV  Data  Links  can  be  classified  in  the  following  main 
families: 

Point-to-Point  and  Broadcast  Radio  Links; 

*  Satellite  Radio  Links; 

*  Fiber  optics  links. 

Their  use  is  possible  for  some  specific  applications,  features 
some  important  advantages  (OTH  link,  high  data  security. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  "System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)’’,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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high  bit  nitc.  very  low  BER),  but  also  some  heavy 
disadvantages  (low  operational  range,  very  high  life  cycle 
cost)  which  may  limit  their  use. 

Point-to-Point  /  Broadcast  Radio  Links  and  Satellite  Radio 
Links  will  be  addressed  in  the  following  sections. 

3.  DATA  I.INK  REQUIREMENTS 

For  UAV  Data  Links,  among  the  possible  requirements,  many 
depend  on  the  specific  application  (for  instance  a  military  or  a 
non-military  application). 

Nevertheless,  in  order  to  meet  the  interoperability  constraints 
(e.g.  different  ground  stations  .shall  be  able  to  communicate  via 
the  same  point-to-point  data  link  to  different  families  of 
IJAVs)  and  to  rcdticc  development  and  production  costs,  the 
Dtita  Link  architecture  and  structure  should  be.  as  much  as 
possible,  the  same  for  the  various  users,  with  charactcritmtions 
to  be  implemented  in  order  to  fulfill  the  specific  application 
performance  (e.g,  different  range  or  data  rate). 

For  sake  of  clarity  tbc  main  requirements  have  been  split  in 
three  sets: 

Operational  Requirements: 

Technical  Requirements; 

*  Constructive  Requirements. 

3.1  Operational  Requirements 

Operational  requirements  include  the  following: 

3.1.1  Coiiinuiniriilion  requirements  (imposed  by  link 
estuhiishment  f>eomelrir/  kinematic  conditions) 

*  Maximum  communication  range. 

Maximum  communication  range  is  different  for  the  various 
UAV  families  and  depends  on  the  application  (for  instance 
typical  values  arc  around  100  nautical  miles  for  tactical  UAVs 
and  more  than  500  nautical  miles  for  Endurance  lIAVs). 

*  Distortion  Phenomena 

The  UAV  Data  Link  suffers  fading  /  multipath  distortion 
phenomena  due  to  atmospheric  distortion,  ground  reflection 
and  others  factors  (see  choice  of  modulation  with  suitable 
distortion  robustness). 

*  Doppler  Effect  due  to  UAV  /  Ground  Station  relative 
motion 

The  airborne  terminal  may  move  fast  enough  to  generate  a 
consistent  Doppler  frequency  shift  phenomena. 

3.1.2  Link  Avai lability  Issues 

*  Close-in  and  Long  Range  Availability 

The  communication  (link  availability)  has  to  guarantee  a  full 
coverage  both  during  close-in  operation  (e.g.  during  landing) 
and  at  long  range  (e.g.  for  payload  data  transmission  and 
navigation). 

*  System  Link  Availability 

The  link  avtiilability  has  to  be  guaranteed  only  during  flight 
mission,  as  a  rule  not  in  extremely  adverse  weather  conditions 
and  anyway  inside  the  UAV  operating  envelope.  In  any  ease 
adverse  weather  conditions  along  the  complete  communication 
path  arc  unlikely  to  occur.  Very  high  values  of  link  availability, 
usually  required  for  point-to-point  fix  radio  link  installations 
(over  99%),  arc  typically  not  required  for  UAV. 

As  a  rule  of  thumb,  a  typical  availttbility  value  suitable  for  UAV 
applications  is  907i  (Crane  Rain  Model  region  H). 


*  Line  of  Sight  Availability 

To  achieve  low  detectability  (low  RF  power)  and  the  required 
throughput  (over  some  Mh/s)  the  propagation  losses  have  to  be 
reduced,  this  calls  for  UAV  and  Ground  St:ition  in  mutual 
optical  visibility. 

To  obtain  OTH  operation  it  is  necessary  to  make  use  either  of 
satellite  Data  Links  (whose  utilization  may  be  troublesome 
when  synchronous  high  data  rate  or  high  update  rate  arc 
required)  or  of  a  Radio  Relay  System. 

3.1.3  Real  Time  Capability  (CommandXControl  Update  Rate) 

To  allow  real-time  control  of  the  mission  and  data  analysis 
from  the  Ground  Station,  the  Commandc^Control  and  the 
sensor  Data  Link  has  to  be  immediately  availitble  from  the 
UAV  to  the  Ground  Station  with  reduced  transmission  hilcncy 
(typically  in  the  order  of  a  hundred  of  milliseconds,  or  less 
during  critical  phases  like  landing), 

A  critical  issue  is  the  latinch  /  recovery  message  updtile  rate  on 
down  and  up  links  too;  typically  a  rate  of  20-25  11/  is  required 
even  if  some  systems  call  for  higher  update  rale  (more  than 
.5011/). 

3.1.4  Multi -UAVs  operation  capability 

Multi-UAVs  operation  capability  (especially  for  a  militttry 
environment)  involves  two  main  issues: 

*  The  capability  to  Control  different  UAVs  from  only  one 
Ground  Station  (or  the  same  Rtidio  relay)  using  TDMA  or 
FDMA  broadcast  techniques. 

*  The  capability  to  operate  in  the  same  scenario  with  different 
UAVs,  without  reciprocal  RF  interference,  using  different 
idcnIiFcation  codes  and  operative  frequency  bands, 

3.1.5  Multi-Users  Capability 

Multi-Users  capability  can  be  considered  under  the  following 
aspects: 

*  The  capability  to  allow  UAV  payload  DtUa  exploitation  to 
different  users,  (e.g..  for  a  maritimc/land  environment,  to 
broadcast  the  available  information  both  to  the  control  ship 
and  to  the  landbascd  forces), 

*  The  capability  to  allow  hand-over  from  a  Control  Station 
to  a  different  one. 

To  cope  with  these  requirements,  the  UAV  Data  Links  may 
make  use  either  of  multiple  links  (a  point-to  -point  link  plus  a 
satellite  one)  or  of  a  multiple  beams  /  broadcast  link, 

3.1.6  interceptability  and  Data  Protection 

Several  applications  (military  and  non-military)  require  a  low 
level  of  interceptability  and  a  suitable  grade  of  Data  Protection; 
lack  of  Diita  Protection  can  ease  operational  intelligence, 
enabling  a  timely  and  efficient  UAV  interdiction  (jamming, 
confusion,  physical  destruction)  carried  otit  by  enemy  forces. 
Suitable  frequency  band  selection,  directive  antennas,  ECCM  / 
Data  Protection  Techniques  arc  therefore  required  for  several 
applications 

3.1.7  Jamming  robustness 

For  military  applications  the  UAVs  arc  required  to  operate  in  a 
battlefield  environment;  Data  Link  is  therefore  expected  to  be 
operational  in  severe  ECM  scenarios.  High  immunity  to  enemy 
ECM  is  to  be  properly  provided  exploiting  suitable  frequency 
bands  allocation  and  use  of  ECCM  techniques  (e  g.  Frequency 
Hopping  or  Direct  Sequence  Spread  Spectrum). 
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3.1.8  VAV  Targeting 

For  military  applications,  (e.g.  to  allow  precise  target  location 
preliminary  to  engagement  or  targeting),  the  UAV  Data  Link 
may  be  required  to  encompass  means  to  define  the  UAV 
position  without  use  of  airborne  sensors  (e.g.  GPS),  preferably 
through  the  use  of  techniques  and  systems  featuring  high 
availability  during  battlefield  operations. 

3.1.9  Interoperability 

*  Deilnition  of  interoperability 

In  view  of  the  growing  number  of  multi-service  applications  of 
UAV  systems,  a  strong  requirement  of  standardization  is 
envisaged.  Various  areas  are  identifiable  where  common 
elements  have  already  been  developed  or  are  under 
development  for  different  applications. 

The  ideal  solution  for  interoperability  would  be  a  common 
UAV  system.  Accepting  that  this  solution  is  unlikely  to  be 
feasible,  the  goal  is  to  strive  for  as  much  commonality  as 
possible  between  systems  and  achieve  then  interoperability. 

Interoperability  for  UAV  systems  may  be  defined  at  three 
different  levels: 

Level  1  -  Battle  Force  Interoperability; 

Level  2  -  System  Interoperability; 

Level  3  -  Segment  Interoperability. 

These  three  levels  of  interoperability  are  defined  as  follows: 

-  Level  1  Interoperability  (reception  of  payload  data) 
Level  1  reflects  the  ability  of  a  properly  equipped  platform, 
other  than  that  controlling  the  UAV,  to  directly  receive  the 
UAV  sensor  down-link,  process  and  display  the  sensor 
data. 

-  Level  2  Interoperability  (Level  1  +  UAV  and  UAV 
payload  control) 

Level  2  reflects  Level  1  interoperability  plus  the  ability  of 
any  properly  equipped  platform  to  take  and  implement 
control  of  an  UAV  air  vehicle  and  payload  in  the 
performance  of  a  specific  mission. 

-  Level  3  Interoperability  (Level  2  +  UAV  take-off,  landing 
and  logistic  support) 

Level  3  reflects  Level  2  interoperability  plus  the  ability  of  a 
properly  equipped  platform  to: 

-  launch  and  recover  the  UAV  air  vehicle; 

-  refuel  the  air  vehicle; 

-  change  out  the  UAV  payload. 

*  Interoperable  UAV  Data  Links 

The  methodology  to  achieve  a  given  level  of  interoperability  is 
the  identification  and  control  of  the  key  UAV  system  interfaces. 
This  may  involve  the  specification  of  several  characteristics 
which  include  the  following  families: 

-  standardized  message  and  data  forms; 

-  standard  communications  protocols; 

-  standard  electrical  and  mechanical  interfaces; 

-  standard  Data  Link  parameters; 

-  standard  ILS  Tools  /  Methodologies. 

The  conditions  to  be  fulfilled,  required  to  support  the  above 
defined  interoperability  levels,  vary.  To  support  the  Battle  Force 
(Level  1)  and  System  (Level  2)  Interoperability,  parameters 
must  be  defined  at  the  message  format  /  protocol  and  data  link 


parameters  levels.  For  Segment  Interoperability  (Level  3),  the 
affected  parameters  must  be  defined  at  all  the  above  five 
families  of  characteristics. 

To  reduce  costs  and  increase  interoperability,  the  system  should 
have  as  many  common  components  as  possible  and  use  or 
adopt  existing  civil  and  military  standards.  To  the  maximum 
extent  practical,  the  system  design  has  to  incorporate 
STANAGs,  MILSTDs  and  DEFSTANs. 

A  NIAG  Group  (NIAG  SG53)  has  been  established  to  define 
recommendations  to  achieve  UAV  Interoperability.  NIAG 
Group  activities  are  currently  in  progress. 

3.2  Technical  Requirements 

3.2.1  Data  Requirements 

Requirements  /  issues  relevant  to  UAV  data  include  the 
following: 

*  Data  typology 

Data  dealt  by  UAV  Links  can  be  grouped  in  two  main  families: 

-  Sensors  /  Payload  Data  typology 

From  a  communication  point  of  view,  sensor  typology 
mainly  affects  the  down-link  data  rate.  Three  categories  of 
sensors  may  be  defined  on  the  base  of  different  data  rates: 

+  Sensors  featuring  low  information  rate 

(e.g.  lower  than  200  Kbit/s),  like  Meteorological,  NBC, 
ECM  sensors; 

+  Sensors  featuring  medium  information  rate 

(e.g.  200Kbit/s  10  Mbit/s),  like  processed  SAR/ISAR, 
compressed  VIDEO/TV,  compressed  Flir, 
uncompressed  Mw  Radar  image,  Elint/ESM  sensors. 

-I-  Sensors  featuring  high  information  rate 

(e.g.  over  10  Mbit/s),  like  raw  SAR/ISAR,  High 
Definition  Video/TV,  High  Definition  Flir. 

-  Command  /  Control  and  Status  Data  Typology 

Command,  Control  and  Status  Data  (to  control  the  UAV 
navigation,  take-off/landing  and  payload)  generate  a  low 
rate  data  stream  (usually  <200Kbit/s).  The  up-link 
throughput  is  therefore  much  lower  than  the  down-link 
one,  allowing  therefore  either  a  greater  communication 
margin  (using  different  rate  for  up  and  down  link)  or  a 
reduced  transmission  time  (using  the  same  up  and  down 
link  rate). 

Very  important  parameters  for  the  Command/Control  Data 
are  the  allowed  maximum  latency  and  the  minimum 
up-date  rate. 

*  Data  Compression  and  Preprocessing 

Preprocessing  and  Data  Compression  are  commonly  used  to 
reduce  the  data  rate  to  be  transmitted  without  affecting  the  data 
information  content  usually  redundant  in  raw  uncompressed  / 
unprocessed  sensor  data. 

The  most  suitable  compression  or  processing  techniques  are 
dependent  on  the  sensor  typology  and  the  UAV  operating 
requirements.  For  instance  tactical  UAVs  using  EO/IR  sensors 
at  low  altitude  do  not  typically  present  high  intraframe 
redundancy  (low  compression  between  frame)  and  a  still 
imagine  compression  technique  may  be  preferred,  this  may  not 
be  true  for  endurance  /  strategical  UAVs  operating  at  higher 
altitude,  where  intraframe  redundancy  is  generally  present. 

Compression  techniques  commonly  used  are  MPEG,  JPEG, 
M-JPEG,  and  Adaptive  Differential  compression  (ADPCM). 
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*  Data  synchronism 

Sensor  information  often  has  to  be  transmitted  synchronously. 
Special  care  has  to  be  taken  when  transmitting  at  high 
repetition  rate  over  integrated  data  network  (c.g.  satellite  links) 
and  not  by  dedicated  Data  Links  (Point-to-Point  Data  Links), 

*  Data  criticality 

Data  criticality  depends  on  the  typology  of  the  transmitted  data 
Payload  Diita  and  Commands  may  be  identified  as  mission 
critical.  Navigation  Data  may  be  identified  as  safety  critical, 
especially  when  remote  navigation  over  civil  area,  take-off  and 
landing  arc  involved. 

The  criticality  level  may  affect  both  the  acceptable  information 
level  of  quality  (discussed  in  the  next  para)  and  the  HW 
necessary  rcdundtincy  (c.g.  for  a  safety  critical  Data  Link,  the 
utilization  of  more  than  one  Command&Control  Link  maybe 
necessary  for  physical  redundancy), 

*  Bit  Error  Rate  (BER) 

-  Transmitted  Data  Level  of  Quality 

The  required  level  of  quality  of  the  information  transmitted 
(BER)  depends  on  the  typology  of  the  data. 

For  the  Command&Control  Data  it  is  necessary  a  high 
Level  of  Quality  to  avoid  error  or  latency  (due  to 
retransmission)  in  the  command  data,  specially  when  safety 
criticality  has  to  be  considered  (for  instance  BER  equal  to 
10“*’  or  belter). 

For  the  sensor  data  the  goal  is  to  deliver  data  to  the  ground 
terminal  for  further  exploitations  and  analysis;  typically  a 
lower  quality  level  than  for  Command&’Control  Data  may 
be  accepted  (for  instance  BER  equal  or  better  than  10“^). 

-  Error  Correction  Techniques 

If  the  required  level  of  quality  is  very  stringent.  Error 
Correction  Techniques  may  be  used. 

Riidio  Diila  Link  BER  being  constant,  the  use  of  error 
correction  code  allows  to  significantly  improve  System 
BER  value  (the  application  requirement  to  be  fulfilled). 
The  Radio  Bit  Error  Rate  is  the  bit  error  rate  due  to  the 
communication  channel  only  (depends  on  frequency,  link 
budget,  modulation  performance  etc.).  The  System  Bit 
Error  Rate  is  the  error  rate  on  the  transmitted  bits  of 
information  and  depends  also  on  others  factors  different 
from  the  communication  channel  characteristics. 

Data  Latency 

The  latency  is  the  delay  in  receiving  the  transmitted  signal  due 
to  processing  /  transmitting  through  the  Data  Link. 

Latency  is  very  critical  during  some  phases  of  the  UAV  Mission 
(for  in.stancc  during  take-off  and  landing)  or  when  a  particular 
data  processing  is  required  (for  instance  man-in  the  loop 
operations).  In  such  eases  a  transmission  latency  of  few 
hundreds  of  milliseconds  or  less  may  be  required. 

3.2.2  Standards  /  Data  Protocols 

In  our  knowledge  there  arc  not  applicable  /  mandatory  specific 
or  de-facto  standards  for  the  UAV  Data  Links. 

Standards  STANAC.  708.*!  and  STANAG  702.1  from  the  air 
reconnaissance  community  (applicability  foreseen)  arc  at 
present  in  the  definition  /  ratification  phases. 

STANAG  7085  provides  guidelines  to  be  followed  for  the 


structure  and  the  architecture  of  Analog  Point-to  -Point,  Digital 
Point-to-Point  and  Digital  Broadcast  Data  Links. 

STANAG  702,1  establishes  standards  for  both  the  transport 
architecture  /  data  format  of  reconnaissance  imagery  data  and 
the  type  /  data  format  for  the  auxiliary  data  (information 
necessary  to  process  and  exploit  imagery  data)  to  be  transmitted 
between  air  reconnaissance  systems  and  surface  exploitation 
systems. 

3.2.3  Band  allocation 

The  selection  of  the  Operational  Freqtiency  Band  stems  from  a 
balanced  trade-off  among  the  following  main  issues: 

*  ECM  and  detectability  considerations; 

*  Link  budget  analysis; 

*  Size  and  Power  availability; 

*  Frequency  Band  allocation  due  to  existing  regulations. 

The  first  three  aspects  will  be  analyzed  as  part  of  the  design 
criteria  in  the  following  paragraphs  concluding  that  use  of  high 
freqtiency  band  (above  10  GHz)  is  necessary. 

Specifically,  for  UAV  Point-to-Point  Data  Links  and  in  general 
for  Mobile  Service  (Point-to-Point  and  Broadcast  Data  Links), 
the  current  NATO  Joint  Civil  /  Military  Freqtiency  Agreement 
(NJFA)  identifies  the  following  bands: 

*  14.62  -  15.23  GHz  NATO  Harmonized  Band  type  1  for 
fixed  -  mobile  services.  Specified  by  NATO  agreement  for 
the  radio  guidance  links  and  for  transmitting  real-time 
pictures  from  remotely  piloted  devices; 

*  26.5  -  27.5  GHz  NATO  Harmonized  Band  type  1  for  fixed 
-  mobile  systems; 

*  36  -37  GHz  NATO  Harmonized  Band  type  I  for  fixed  - 
mobile  systems. 

3.3  Constructive  Requirements 

3.3.1  Size  /  Weight  /  Power 

Airborne  environment  sets  the  harshest  limits  for  size,  power 
and  weight  (SWP).  Size.  Weight  and  Power  constraints  affect 
the  architectural  choices  of  the  equipment  (for  instance  the 
utilization  of  a  half-duplex  time  sharing  approach  optimizes 
SWP.  even  if  it  is  more  critical  for  latency  and  update  rate),  the 
frequency  band  (trade-off  between  reduced  dimension  and 
higher  propagation  losses),  the  equipment  installation 
(allowable  thermal  dissipation),  the  airborne  antennas  typology 
and  installation. 

As  result  the  SWP  constraints  on  the  airborne  RF  power  and 
the  antenna  gain  affect  the  link  budget  and  the  characteristics  of 
the  ground  segment 

As  a  rule  of  thumb  the  airborne  equipment  shall  be  realized 
limiting  its  size,  power  and  weight.  Environmental  constraints 
of  the  airborne  platform  (mechanical  .stress,  temperature  range) 
shall  be  carefully  considered  as  well. 

3.3.2  Antenna  dimension';  /  installation 

Antenna  size  and  installation  is  a  critical  issue  for  the  airborne 
terminal.  The  antenna  typology  depends  on  the  available  space 
(the  UAV  family  considered,  c.g.  tactical  or  endurance)  and  the 
Data  Link  typology  (c.g.  point-to-point,  satellite). 

With  high  frequency  links  (due  to  link  budget  consideration 
and  reduced  equipment  size),  use  of  directive  airborne 
antennas,  placed  on  steerable  and  stabilized  platforms,  is 
generally  advisable  and  often  mandatory. 
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3.3.3  Interfaces 

The  HW  interfaces,  between  the  Data  Link  equipments  and  the 
Flight  Management  System  or  the  Ground  System  Control 
Station,  shall  be  chosen  in  accordance  with  two  different 
requirements; 

use  of  available  military  /  commereial  standards  for 
interoperability  /  interchangeability  reasons  and  cost 
reduction  considerations; 

*  capability  to  transmit  the  required  throughput  (up  to  some 
tens  of  Mbit/s). 

Due  to  the  lacking  of  Data  Link  Standards  requiring  the  use  of 
specific  interfaces  (STANAG  7085  is  not  yet  finalized  and  only 
provides  architectural  guidelines),  use  of  common  standard 
interfaces  for  the  airborne  terminal,  like  Arinc429,  1553  or  EFA 
bus  for  data  and/or  CCIR  /  RS  170  for  Video,  and  for  the 
ground  terminal,  like  Ethernet,  FDDI,  ATM  LAN  for 
Video-Data  and/or  CCIR  /  RS  170  for  Video,  is  advisable. 

3.3.4  Modularity  /  Flexibility  /  Up-grade  capability 

The  Data  Link  should  be  designed  following  a  modular 
approach  allowing  modifications  of  key  parameters  like  the 
external  interfaces  (due  to  the  inclusion  of  different  sensors), 
the  RF  transmitted  power  (to  increase  range)  or  the  throughput 
rate,  without  a  complete  redesign  and,  as  much  as  possible, 
only  with  FW  redesign  or  with  the  inclusion  of  extra  modules 
to  a  common  Data  Link  kernel. 

4.  CONSIDERATIONS  ON  UAV  DATA  LINK 
ARCHITECTURE 

For  UAVs,  the  functions  described  in  section  2  and  the 
requirements  described  in  section  3  are  typically  met  with  a 
Data  Link  configuration  based  on  a  primary  wideband  data  link 
plus  one/two  additional  redundant  data  links. 

Additional  /  redundant  Data  Links  may  be  either  wideband 
Data  Links  to  get  specific  functions  extension  (for  instance 
UAV  handover  between  two  Ground  Stations  or  OTH  Link 
operation),  or  narrowband  Data  Links  for  redundancy/safety 
considerations  (for  instance  Command&Control  Data 
redundant  transmission). 

4.1  Primary  wideband  link 

Primary  Link  function  is  to  provide  a  wideband 
communication  channel  for  payload  information  and 
Command&Control  Data  between  the  UAV  and  the  Ground 
Station. 

Basing  on  the  requirements  listed  in  the  previous  paragraphs, 
the  main  characteristics  of  the  primary  link  can  be  summarized 
as  here  below: 

*  Capable  to  transmit  /  receive  in  real-time:  sensor  data  / 
commands,  command  /  control  data  during  navigation  and 
landing; 

*  Bi-directional  (to  allow  simultaneous  up-link  and 
down-link  operations); 

*  Point  to  point  (due  to  low  interceptability  requirement  and 
Link  Budget  considerations); 

*  High  ECCM  protection.  Low  interceptability.  Data 
Protection. 

4.2  Redundant  wideband  link 

A  redundant  wideband  Data  Link  may  be  used  to  perform 
additional  functions  like: 


*  Physical  redundancy  in  all  mission  phases  If  required  for 
mission/data  criticality,  a  high  link  availability  and  a  low 
BER  may  be  necessary.  A  very  high  integrity  for  payload  / 
mission  data  can  be  achieved  only  using  an  additional 
primary  wideband  link  (whose  characteristics  are  high 
communication  margin,  data  coding  /  redundancy,  spread 
spectrum  technique); 

*  Capability  to  operate  as  relay  in  Over  The  Horizon  (OTH) 
operations; 

*  Additional  channel  capacity  (e.g.  simultaneous  use  of 
various  sensors); 

*  Simultaneous  data  transmission  to  various  Ground  Stations 
for  multiusers  simultaneous  data  exploitation.  For  instance 
a  simultaneous  point  to  point  transmission  at  maximum 
range  plus  a  broadcasting  transmission  at  close  range  (e.g. 
during  amphibious  operations,  close  range  transmission  to 
terrestrial  forces  and  long  range  transmission  to  maritime 
forces). 

The  same  characteristics  of  the  primary  link  are  typically 
necessary  with  specific  features  to  fulfill  the  particular  functions 
required. 

*  For  multiusers  operations  the  redundant  wideband  link  may 
be  integrated  with  the  primary  link  and  the  RF  section 
designed  to  allow  simultaneous  utilization  of  various 
antennas  (e.g.  a  directive  antenna  plus  an  omnidirectional 
one).  For  some  applications  redundant  wideband  link  may 
be  only  a  mono-directional  link  (down-link)  to  solely 
allow  payload  information  exploitation; 

*  For  data  link  relay  applications,  in  the  relay  UAV  typically 
the  redundant  primary  data  link  will  be  functionally 
independent,  but  physically  integrated  with  the  primary 
data  link  (in  order  to  achieve  equipment  configuration 
optimization  and  to  control  mutual  interference). 

4.3  Additional  command  /  control  narrowband  link 

Main  function  of  an  additional  narrowband  link  is  to  guarantee 
Command&Control  data  redundancy  during  all  tbe  mission 
phases.  Other  typical  functions  can  be  retrieved  among  the 
following: 

*  High  integrity  data  redundancy  in  specific  mission  phases 
(e.g.  during  navigation  over  civil  areas  or  landing); 

*  Simultaneous  control  /  monitoring  of  an  additional  UAV 
(or  more  UAV  in  TDMA)  by  the  Ground  Station; 

*  Simultaneous  control  /  monitoring  of  the  currently  used 
UAV  by  two  or  more  Ground  Stations  (e.g.  during  UAV 
control  handover); 

*  UAV  sensor  data  broadcasting  to  additional  Ground 
Stations  typically  at  reduced  range  or  with  reduced  data 
’’quality”  (e.g.  lower  resolution  and/or  lower  frame  rate). 

Typical  characteristics  of  narrowband  redundant  Data  Link  are 
the  following: 

*  Capability  to  transmit/receive  command/control  in 
navigation  and  in  landing; 

*  Capability  to  transmit/receive  sensor  data/commands  with 
reduced  performance/  quality; 

*  Bi-directional; 

*  Broadcasting; 

*  ECCM  /  data  protection. 

4.4  Satellite  Data  Links 

As  for  the  Point-to-Point  Data  Links,  Satellite  Links  may  be 
divided  into  two  main  categories: 
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*  Wideband  Links  (up  to  some  Mb/s); 

Narrowband  Links  (up  to  some  tens  of  Kb/s). 

Satellite  Links  may  be  used  for  UAV  operations  witli  some 
limitations  with  respect  to  Point-to-Point  Data  Links  due  to: 

onerous  installation  in  terms  of  SWP  requirements 
(extremely  high  propagation  losses  and,  therefore,  need  for 
high  antenna  gains  and  RF  power): 

*  precise  installation  and  accurate  antenna  pointing  required 
(for  wideband  links): 

Criticality  to  achieve  latency,  real-time,  up-date  rale  and 
.synchronism  requirements  (due  to  complex  relay 
operations,  satellite  links  may  not  guarantee  the  high 
up-dalc-ralc  and  low  latency  requirements,  consequently 
real-time  operations  may  not  be  performed). 

Satellite  Links  may  be  used  as  redundant  data  links  for  near 
real-time  operations. 

A  list  of  typical  additional  function  is  given  below; 

Wide  Hand  Link 

-  OTH  Link  Operation  (IIAV  monitoring  and/or  payload 
data  reception),  without  relay  platform: 

-  UAV  Data  broadcasting  to  additional  Ground  Stations 
(with  possible  performance  reduction,  but  at  extended 
operational  range); 

-  Additional  channel  capacity, 

*  Narrow  Band  Link 

-  Redundancy  in  specific  mission  phases  (navigation). 

4.5  Final  Considerations 

Accordingly  to  the  above  classification,  the  present  paper  will 
address  design  criteria  and  considerations  for  the  primary  link, 
even  if  these  criteria  can  be  easily  extended  to  additional  / 
redundant  Data  Links  too. 

Satellite  Data  Link  system  design  presents  however  some 
additional  issues  which  arc  not  analyzed  in  the  present  paper 
(e.g.:  satellite  selection;  satellite  data  channel  requirements;  link 
synchronism  requirements:  link  up-date  rate  and  latency 
requirements;  UAV  antenna  dimensions  and  pointing  accuracy; 
UAV  antenna  installation  constraints). 

5.  DATA  LINK  DESIGN  CRITERIA 

Accordingly  to  the  requirements  previously  listed  (para  3),  this 
.section  addresses  the  general  design  criteria  to  be  followed  in 
the  development  of  a  Primary  Link  for  UAVs. 

The  Data  Link  design  results  from  many  complex  trade-offs 
between  different  parameters.  The  design  process  is  an  iterating 
process,  schematically  it  may  be  split  in  six  different  phases: 

1.  The  Frequency  Band  Availability  Analysis; 

2.  The  Analysis  of  Application-Dependent  Constraints  (e.g. 
available  standards  or  main  system  constraints); 

3.  The  Link  Budget  Analysis: 

4.  The  Analysis  of  the  Data  Protection  Requirements  and 
ECM,  Jamming  rejection.  Low  Intcrccptability  constraints; 

.6.  Analysis  of  application  specific  features. 

6.  The  verification  of  the  compliance  with  the  Size.  Weight, 
Power  constraints  and  of  the  Communication  and  EMC 
requirements; 


The  results  of  the  different  analysis  steps  should  be  the 
following; 

1.  Definition  of  the  possible  operating  frequency  bands  to  he 
considered  in  the  design  process  and  evaluation  of  the 
operating  compatibility  with  other  systems/applications; 

2.  Definitions  of  key  parameters  which  cither  arc  already 
derived  by  available  standards  or  stem  from  system 
considerations  (e.g.  modulation  type  to  cope  with  distortion 
phenomena,  frequency  stability  to  cope  with  Doppler 
effect); 

3.  Definition  of  possible  sets  of  main  link  parameters  (like 
gain,  RF  power  and  others),  as  function  of  frc(|ticncy, 
modulation  type,  power  (to  guarantee  the  communication 
requirements,  e.g.  range  and  rate).  Preliminary  analysis  of 
the  equipment  architecture; 

4.  Definition  of  the  equipment  architecture  to  satisfy  ECM 
and  jamming  rejection  considerations,  for  instance  type  and 
characteristics  of  the  spread  spectrum  techniques  (e.g. 
frequency  hopping  rate  and  bandwidth),  evaluation  of  the 
different  frequency  bands  against  ECM  constraints  and 
requirements; 

5.  Analysis  of  the  Data  Link  additional  functions  (for 

instance  need  of  signal  processing,  need  of  Antenna 
Switching/steering  devices) 

6.  Verification  of  the  selected  design  parameters  and 
architectural  choices  to  meet  the  SWP  constraints  and  the 
communication  /  EMC  requirements. 

5.1  Frequency  Band  Availability  Analysis 

As  anticipated  in  section  3.2.3  three  frequency  bands  arc 
recommended  for  mobile  data  links; 

*  14.62  -  15.23  GHz; 

*  26.5  -  27.5  GHz; 

36  -  37  GHz. 

The  use  of  the  26.5  -  27.5  GHz  and  36  -37  GHz  bands,  due  to 
the  high  propagation  losses  (free  space  plus  losses  due  to  rain, 
fading  and  others),  requires  high  gain  antennas  and  high  RF 
power. 

Such  antennas  arc  likely  to  require  stabilized  platforms  to  be 
correctly  pointed;  moreover  the  RF  devices  arc  less  efficient  in 
these  hands  than  at  lower  frequencies. 

The  use  of  the  26.5  -  27.5  GHz  and  .36  -  37  GHz  bands 
appears  therefore  not  advantageous  with  respect  to  the  14.62  - 
15.23  GHz  one. 

The  possible  use  of  frequency  band  different  from  than  the 
14.62  -  15.2.3  GHz  one  will  be  further  technically  discussed, 
even  if  it  can  be  anticipated  th:it  the  most  suitable  hand  for 
primary  Data  Link  appears  to  be  the  .1  band. 

The  14.62  -  15.23  Gflz  band  is.  moreoscr,  the  only  one 
specified  by  NATO  agreement  for  the  radio  guidance  links  and 
for  transmitting  real-time  pictures  from  remotely  piloted 
devices  (UAV  typical  application). 

5.2  Analy.sis  of  Application  Dependent  Constraints 

The  main  requirements  to  be  considered  in  the  UAV  Data  Link 
design  process  are  those  baseci  on  system  constraints  arising 
from  the  inherent  characteristics  of  the  spceiflc  UAV  system  or 
from  applicable  standards. 
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5.2.1  Interoperability  constraints 

As  anticipated  in  section  3.2.2  in  our  knowledge  there  are  not 
mandatory  /  applicable  standards  for  UAV  Data  Links. 

A  Data  Link  standard  should  define  a  set  of  key  parameter  to 
allow  interoperability  between  various  equipment  (see  para  3.1 
Operational  Requirements  -  Interoperability). 

Key  parameters  and  architectural  choices  like  the  following 
ought  to  be  defined: 

*  The  down  /  up  links  sharing  approach  (time-sharing  or 
frequency-sharing); 

*  The  frequency  band; 

*  The  Data  Format  /  Protocol; 

The  modulation  type  and  baud  rate; 

*  The  ECCM  Techniques; 

*  The  Synchronization  Techniques  and  others. 

The  standardization  of  these  key  parameters  should  fix  most  of 
the  Data  Link  architectural  and  technical  choices  and  would 
limit  flexibility  in  equipment  design. 

5.2.2  Effects  of  UAV  motion 

The  frequency  shift  generated  by  the  Doppler  Effect  due  to 
UAV  motion  is  equal  to  fd  =  (vr*fo)/c  where 

fd  =  Frequency  Doppler  shift; 
vr  =  target  speed; 
fo  =  RF  signal  frequency; 
c  =  Speed  of  Light. 

This  frequency  shift,  especially  when  coherent  demodulation  is 
used,  has  to  be  considered  in  the  determination  of  the 
demodulation  and  carrier  recovery  techniques  and  forces  the 
utilization  of  an  extremely  precise  frequency  reference  (with 
respect  of  the  expected  environment  and  the  SWP  constraints), 
both  on  the  airborne  and  the  ground  terminal. 

5.2.3  UAV  Targeting 

As  previously  indicated,  the  Ground  Station  may  be  required  to 
determine,  with  a  suitable  degree  of  precision,  the  position  of 
UAV  targets.  This  operation  requires  the  capability  both  to 
post-process  the  sensor  information  and  to  calculate  the  UAV 
position  itself 

The  latter  operation  can  be  achieved,  for  instance,  either  using 
UAV  navigation  system  position  data,  transmitted  through  the 
data  link,  or  determining  the  UAV  distance  and  bearing  with 
respect  to  the  Ground  Station  with  monopulse  tracking 
techniques  (bearing)  and  DME  techniques  (distance).  With  the 
second  approach  a  highly  accurate  Absolute  Reference  System 
is  then  necessary  to  derive  the  bearing  information  from  the 
monopulse  tracking  angle. 

For  the  same  application,  the  second  approach,  though 
involving  a  more  complex  Ground  Station  in  terms  of  antenna 
and  receiver,  may  be  preferred  due  to  its  sure  availability  in  any 
operative  situation  (UAV  navigation  data  precision  is  often 
GPS  availability  dependent). 

5.2.4  Maximum  data  latency  and  up-date  rate 

As  previously  stated  latency  and  up-date  rate  are  critical  issues. 
Point-to-Point  Data  Links  are  preferred  since  they  do  not 
involve  complex  relay  links  like  satellite  links. 

The  latency  arises  as  sum  of  various  contributions  and  it  is,  for 
instance,  due  to: 

*  transmission  delay; 

*  delay  in  processing  information  by  the  Data  Processor  or  the 
Data  Link  (architectural  choices); 


*  delay  due  to  Error  Correction  Coding. 

The  transmission  delay  can  not  be  reduced  since  it  only 
depends  on  the  link  range. 

Error  Correction  techniques  deeply  impact  on  the  latency. 
Automatic  Repeat  Request  codes  are  often  not  suitable  since 
they  involve  a  transmission  repetition  and  add  further 
communication  and  processing  delay. 

Convolutional  encoding  may  be  as  well  not  suitable  since  they 
involve  complex  calculation  over  long  bits  blocks  (complex  for 
high  data  rate).  Cyclic  Codes  (like  Golay  or  Hammings),  even 
if  less  powerful,  may  be  preferred 

Delay  in  processing  may  be  affected  by  architectural  choices.  A 
half  duplex  system  (Time  Division  approach,  same  frequency 
channel  shared  between  up  /  down  links)  even  if  characterized 
by  an  higher  latency  due  to  its  inherent  philosophy,  with  proper 
implementation  choices  may  be  suitable  as  well  like  a  full 
duplex  system  (Frequency  Division  approach,  different 
frequency  channels  between  up  /  down  links). 

Half  duplex  systems  have  disadvantages  (e.g.  required  high  rate 
of  multiplexing  between  up  /  down  links  to  satisfy  the  up-date 
rate/latency  requirement)  but  present  real  advantages  (e.g.  the 
inherent  lower  complexity,  the  reduction  of  crosstalk 
phenomena  and  others  more). 

5.2.5  Distortion  Phenomena 

Due  to  the  mobile  nature  of  the  air-ground  communication,  the 
link  is  affected  by  multipath  and  slowly  fading  phenomena. 
Using  a  suitable  ratio  between  the  carrier  frequency  and  the 
modulation  rate  (typically  less  than  1/100),  the  fading  and 
multipath  (and  therefore  the  signal  amplitude  variations)  may 
be  considered  as  frequency  non-selective. 

In  case  of  amplitude  modulation  such  distortion  phenomena 
directly  affect  the  information  content  (expressed  as  an 
amplitude  variation  over  a  RF  Carrier). 

In  case  of  phase  modulation,  being  the  distortion  phenomena 
typically  non-selective  with  frequency,  the  information 
content,  expressed  as  a  phase/frequency  modulation,  is  much 
less  affected  by  distortion  phenomena.  Moreover  phase 
modulations  ease  the  use  of  AGC  receivers  to  provide  a 
constant  level  to  the  demodulator  input. 

Phase  modulations  are,  as  well,  less  affected  by  intentional 
amplitude  distortions  like  enemy  jamming. 

5.2.6  Recommendations 

The  following  design  recommendations  may  be  derived  from 
this  preliminary  system  analysis: 

*  Key  parameters  have  to  be  defined  according  to  the 
available  standards; 

*  Digital  phase  modulation  techniques,  to  cope  with  expected 
distortion,  ought  to  be  selected; 

*  Evaluations  of  the  system  frequency  stability  performance 
and  analysis  of  the  demodulation  and  carrier  recovery 
ought  to  be  carried  on  to  determine  techniques  suitable  to 
withstand  the  expected  frequency  shift; 

*  Utilization  of  Error  Correction  Code  and  of  architectures 
suitable  to  meet  latency  and  up-date  rate  requirements  need 
to  be  evaluated. 

5.3  Link  Budget  Analysis 

After  the  analysis  of  the  available  standards  and  the  definition 
of  the  system  constraints,  the  system  feasibility  is  evaluated 
through  calculations  of  the  Link  Budget. 

The  link  budget  analysis  includes  evaluation  of  the  path  gain 
(e.g.  transmitted  power.  Antenna  gain)  and  losses  (propagation 
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losses,  implemcntntion  losses,  commiinication  margin),  to 
define  a  suitable  signal  level  at  the  demodulator  receiver. 
Main  boundary  constraints  to  the  problem  arc  the  required  LOS 
Data  Link  range,  the  necessary  down-link  throughput,  the  data 
quality  at  the  receiver  (BER)  and  the  link  availability, 

5.3.1  LOS  Data  Link  Rem^c  nnii  Link  Availahiliiy 

The  Data  Link  Losses  may  be  separated  in  two  main  categories: 

The  Propagation  Losses  due  to  spherical  propagation  of  the 
RF  signal; 

*  The  losses  due  to  rain,  clouds  or  fading.  These  losses,  or 
likewise  the  Communication  Margin  (the  margin  to  be 
consider  over  the  propagation  losses),  may  be  derived  from 
the  specified  Link  Availability. 

The  propagation  losses  arc  proportional  to  the  square  of  the 
link  range;  longer  range  requires  therefore  higher  gain  in  terms 
of  greater  transmitted  RF  power  or  larger  antennas,  which  arc 
extremely  expensive  in  terms  of  size  and  power 
availability/dissipation. 

The  required  link  availability  defines  the  link  communication 
margin  to  be  considered  over  optimum  propagation  conditions. 
A  higher  link  availability  calls  for  a  greater  communication 
margin,  therefore  greater  transmitted  RF  power  or  larger 
antennas. 

Link  availability  being  con.stant,  the  necessary  communication 
margin  increases  with  the  use  of  higher  operating  frequency. 
The  communication  margin  especially  increases  with  frequency 
when  a  high  link  availability  is  required.  Considering  a  100 
nautical  miles  link  and  two  possible  frequency  bands  (the  first 
around  5  GH/,.  the  second  around  1.5  GH/,),  the 

Communication  Margin  difference  between  the  5  GH/  and  the 
15  GH/.  eases  is  about  lOdB  when  a  909?  link  availability  is 
required;  the  difference  rises  to  over  100  dB  when  999?  link 
availability  is  required. 

Being  the  typical  link  availability  required  for  UAV  Links 
around  909?  (.see  para  3.1),  the  use  of  the  15  GHz  Band  is 
viable  since  the  greater  communication  margin  required  may  be 
compensated  by  the  possibility  to  use  smaller  and  more 
directive  antennas  on  the  ground  and  the  airborne  segments. 
For  instance  in  the  15  GHZ  case,  where  an  antenna  of  20  dB 
maximum  gain  for  Tactical  UAV  may  be  used  without 
requiring  complex  stabilized  platform  (10"  Az.  /  40"  El.  to  cope 
with  the  UAV  rolling  and  banking),  the  antenna  presents  a 
reduced  size  (approx.  10*6*30  cm)  which  cases  its  installation 

5.3.2  Data  Link  Thrmi^hpiil 

The  propagation  losses  arc  proportional  to  the  link  throughput. 
As  for  the  range,  larger  rate  requires  higher  gain  and  therefore 
greater  transmitted  RF  power  or  larger  antennas. 

Due  to  the  typical  redundancy  of  the  unprocessed  raw  sensor 
data,  in  the  trade-off  between  Data  Link  throughput  and  RF 
Power  /  Larger  Antennas,  it  is  usually  preferable  to  consider  the 
utilization  of  data  compression  /  processing  techniques  to 
reduce  link  Data  Rale. 

5.3.3  Diiia  Link  Qiinlity  (BER) 

As  anticipated  in  section  3.2.1,  the  Data  Link  Quality  (System 
BER)  depends  on  the  Radio  Link  BER  and  other  factors  such 
as  the  Error  Correction  Techniques  which  allow  the  correction 
of  wrongly  demodulated  bits  of  information. 

*  Radio  Link  BER 

Pending  the  selected  modulation  type  and  the  demodulation 
technique,  the  required  Radio  Link  BER  defines  the  minimum 


signal  level  to  the  demodulator  receiver. 

A  more  severe  BER  requirement  increases  the  minimum  signal 
level  (sensitivity)  necessary  at  the  receiver  input  and  involves  a 
greater  transmitted  RF  power  or  larger  antennas. 

The  choice  of  the  demodulation  technique  is  therefore 
particularly  important;  a  coherent  dcmodidation  technique, 
even  if  more  complex  to  be  implemented,  requires  a 
considerably  lower  signal  level  than  noncoherent 
demodulation.  Due  to  the  cost  (in  terms  of  dimension,  power 
availability  and  dissipation)  of  a  greater  RF  Power  or  of  larger 
antennas,  a  coherent  demodulation  approach  should  be 
therefore  preferred. 

Likewise,  to  allow  a  long  communication  range,  the 
modulation  type  should  be  selected  to  increase  modulation 
BER  sensitivity  with  respect  of  band-width  occupation. 
Figure  1  shows,  for  various  modiihition  and  demodulation 
techniques,  the  required  ratio  Dala-Ralc/Channel-Bandwidlh 
(Rb/Bw)  and  the  Signal-to-Noise  ratio  (Eb/No)  necessary  to 
achieve  a  BER  of  10 Non -coherent  demodulation 
techniques  present  a  penally  of  some  dBs  with  respect  to 
coherent  techniques.  MSK  /  OQP.SK  modulations  techniques 
present  an  advantages  of  over  3  dB  with  respect  to  others 
phasc/amplitude  binary  modulation  techniques  (F.SK,  DP.SK  or 
OOK). 

Figure  2  shows,  for  the  same  modulation  and  demodulation 
techniques,  the  required  ratio  Data-Rale/Channcl -Bandwidth 
(Rb/Bw)  and  the  necessary  ,Signal-to-Noisc  (.S/N)  ratio  to 
achieve  a  BER  of  10 when  optimum  dcmoduhition  fillers  arc 
used  (demodulation  filter  bandwidth  equal  to  channel 
bandwidth).  Optimum  binary  modulation  techniques  (MSK  / 
OQPSK)  present  an  advantages  of  several  dB  on  M-ary 
modulation  techniques  (M-PSK  or  M-DPSK).  The  latter 
techniques  allow  a  smaller  bandwidth  occupation  (Rb/Bw)  to 
transmit  the  same  Data  Rate. 

Bearing  in  mind  the  above  considerations,  digital  binary  phase 
modulations  like  OQPSK  or  MSK  and  coherent  demodulation 
techniques  should  be  preferred  for  UAV  Data  Links. 

*  Error  Correction  Codes 

If  the  required  level  of  quality  is  very  stringent,  it  may  impose  a 
minimum  signal  level  at  receiver  difficult  to  be  achieved  with 
reason.ablc  RF  power  and  antenna  gain.  In  this  ease  the  use 
Error  Correction  Techniques  is  suitable. 

The  Error  Correction  Techniques  basically  rely  on  three 
different  methods: 

-  repetition  of  the  incorrect  transmitted  word; 

-  addition  of  a  redundancy  to  the  data  stream  which  allows 
bits  errors  correction  (for  instance  Cyclic  Code  or  Forward 
Error  Correction  Code); 

-  utilization  of  a  binary  convolution  on  the  bit  stream 
(interleaving  code). 

The  first  teehniqiie  is  not  suggested  (especially  when  high 
update  rate  are  required)  since  it  may  increase  the  transmission 
latency  more  strongly  than  the  others. 

5.3.4  Rrrommrnfiations 

Accomplishment  of  the  link  budget  analysis,  in  aecordance 
with  the  requirements  previously  listed  and  bearing  in  mind  the 
SWP  constraints  on  the  airborne  terminal,  makes  possible  to 
define  a  set  of  main  link  characteristics,  like; 

-  Overall  path  gain; 

-  Airborne  antenna  gains  and  RF  Power; 

-  Airborne  implementation  losses; 

-  Modulation/demodulation  type; 
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-  Utilization  of  Error  Correction  Techniques; 

-  Ground  antenna  gains  and  RF  Power; 

-  Ground  implementation  losses. 

The  following  design  recommendations  may  be  derived 
(These  results  are  acceptable  as  well  for  Non-Military 
applications  since  do  not  encompass  yet  jamming  robustness  or 
low-detectability  considerations): 

*  Use  of  binary  phase  digital  modulations  (to  increase 
sensitivity  with  respect  to  bandwidth  occupation); 

*  Use  of  coherent  Demodulation  techniques  (to  improve 
receiver  sensitivity); 

*  Possible  use  of  Correction  Error  Codes  (to  increase  data 
level  of  quality); 

*  Minimizing  the  implementation  losses  with  possible  use  of 
separate  RF  Front  End  to  be  connected  directly  to  Antennas 
(to  reduce  cost  in  terms  of  size,  power  available/dissipated 
and  Antenna  gain); 

*  Modular  approach. 

5.4  Analysis  of  Data  Protection  Requirements  and 
ECM  /  Jamming  Rejection,  Low  Interceptability 
Constraints 

5.4.1  Data  protection  requirements 

As  stated  in  the  Technical  Requirements  (para  3.1  above),  for 
military  applications  Data  protection  techniques  may  be 
required. 

Due  to  security  considerations  and  to  follow  a  modular 
approach,  it  is  preferable  that  the  COMSEC  device  would  be  a 
stand-alone  module  which  may  be  plugged-in  or  removed 
from  the  Data  Link  accordingly  to  the  needs. 

5.4.2  ECM  /Jamming  Rejection,  Low  Detectability  Constraints 

Military  Data  Links  typically  require  the  utilization  of  these 
features. 

The  first  step  to  be  met  is  the  achievement  of  a  low  level  of 
detectability  /  vulnerability  to  narrow  band  deceptive  jammers 
by  means  of  ECCM  Techniques  or  with  the  utilization  of  high 
frequency  and  very  directive  antennas;  the  second  step  is  to 
achieve  a  low  level  of  detectability  /  vulnerability  to  broad  band 
jammers,  for  instance  by  choosing  a  suitable  spread  spectrum 
bandwidth. 

A  number  of  techniques  can  be  implemented  in  order  to  reduce 
the  effect  of  jammers,  which  act  as  an  extra  sources  of  noise, 
among  which  a  special  attention  is  given  to: 

*  Spread  spectrum  techniques. 

Two  main  Spread  Spectrum  Techniques  may  be  quoted: 

-  Frequency  Hopping  Techniques,  where  the  signal 
frequency  carrier  continuously  hops  over  the  specified 
operating  bandwidth  with  a  fix  hopping  rate; 

-  Direct  Sequence  Techniques.  These  techniques  operate  a 
superimposition  of  a  binary  code  to  the  binary  data  flow 
which  spreads  the  information  content  over  a  larger 
bandwidth. 

Each  method  has  specific  advantages  /  disadvantages,  in 
particular: 

-  With  direct  sequence,  at  reception  a  deconvolution  is 
necessary  to  extract  the  real  information,  this  adds  further 


latency  and  may  be  not  compatible  when  reduced  latency 
and  high  up-date  rate  are  required.  This  extra  latency  is  not 
present  if  frequency  hopping  techniques  are  iised; 

-  With  direct  sequence  the  information  content  may  be 
extracted  only  if  the  superimposed  code  is  known. 
Likewise  with  frequency  hopping  the  information  content 
is  detectable  only  if  the  enemy  ECM  are  fast  enough  to 
detect  the  signal  carrier  frequency  or  if  the  pseudo-random 
frequency  carrier  generation  code  is  known.  Both  the 
techniques  decrease  therefore  the  probability  of  interception 
(LPI); 

-  Direct  sequence  spreads  information  content  over  the 
operating  bandwidth  while  frequency  hopping  concentrates 
it  only  on  the  currently  used  carrier  frequency.  Direct 
sequence  is  therefore  more  robust  when  only  some  few 
frequencies  are  jammed  since  part  of  the  information 
content  will  be  always  transmitted.  On  the  contrary,  direct 
sequence  may  be  less  robust  to  distortion  phenomena  since 
the  signal  instantaneous  bandwidth  is  much  larger  than  the 
original  one  and  the  distortion  phenomena  can  he 
considered  as  frequency  selective; 

-  Direct  sequence  may  present  implementation  problems 
when  high  spread  spectrum  bandwidth  is  necessary  (over 
some  hundreds  of  Mhz  to  achieve  a  suitable  processing 
gain).  The  code  superimposition  process  should  in  fact 
operate  at  hundreds  of  Mbit/s  which  is  not  always 
technically  achievable  or  convenient  to  be  implemented. 

Due  to  the  above  considerations,  when  either  low  latency  and 
high  up-date  rate  are  required  or  large  spread  spectrum 
bandwidth  is  necessary  (some  hundreds  of  MHz),  frequency 
hopping  techniques  may  be  preferred. 

The  improvement  over  a  single  frequency  band  system 
(Processing  Gain)  is  calculated  as  the  ratio  between  the  Spread 
Spectrum  Bandwidth  and  the  IF  Receiver  Bandwidth 
(consequently  there  is  a  trade-off  between  Gain  and  Data  Rate). 
At  lower  frequency  band,  due  to  the  lower  propagation  losses, 
the  necessary  gain  and  therefore  the  Spread  Spectrum 
Bandwidth,  suitable  to  achieve  a  suitable  degree  of 
vulnerability,  increases. 

The  above  considerations  lead  to  the  utilization  of  high 
frequency  for  the  UAV  Data  Link. 

The  implementation  of  spread  spectrum  hopping  techniques 
may  increase  the  complexity  of  the  Data  Link  since  it  requires 
the  realization,  for  instance,  of  a  synthesizer  (usually  the  most 
complex  part  of  the  Data  Link)  capable  of  a  fast  selection  of  the 
desired  frequency  over  a  large  hopping  band  and  of  a  RF 
receiver  and  transmitter  optimized  over  the  required  bandwidth 
and  not  at  a  single  frequency. 

*  Frequency  Band  Selection 

Regarding  the  choice  of  operating  frequency  band,  the  use  of  a 
high  frequency  band  is  preferred  owing  to  the  high  propagation 
losses  /  technical  difficulties  to  generate  RF  power  for  jammers 
and  the  larger  spread  spectrum  bandwidth  available  for  the 
transmitted  signal. 

*  Antennas  Selection 

Use  of  highly  directive  antennas  with  reduced  slipover  is 
preferred.  For  detection  purpose  the  use  of  such  antennas  is  of 
vital  importance  on  the  ground  segment  where  the  most 
significant  part  of  the  system  is  present  and  the  minimum 
detectability  level  has  to  be  guaranteed. 
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*  Modulation  Selection 

Use  of  modulations  robust  against  amplitude  distortion 
phenomena,  like  those  usually  generate  by  jammers,  is  called 
for  (see  choice  of  suitable  modulations  described  at  para  53 
above). 

5.4.3  Rccommcnchnums 

Due  to  technical  complexity  and  cost  considerations,  the  Data 
Protection  and  ECCM  Techniques  arc  usually  the  edge  between 
a  military  and  non-  military  utilization,  If  their  implementation 
is  necessary,  the  following  recommendations  may  be  derived: 

*  Realization  of  modular  Data  Link  which  allows  the  plug-in 
/  out  of  COMSEC  devices  if  necessary; 

*  For  cost  reduction  and  possible  interoperability  between  the 
military  and  non-military  equipments,  realization  of 
modular  Data  Links  which  allow  the  inclusion  /  removal  of 
ECCM  devices  without  a  eompicte  system  redesign,  but, 
for  instance,  using  different  frequency  synthesizers; 

Utilization,  when  required  by  ECCM  -  Data  Protection 
considerations,  of  Sprc.ad  Spectrum  Techniques  based  on 
frequency  hopping  when  either  large  spread  spectrum 
bandwidth  or  low  latency  /  high  up-date  rate  arc  necessary; 

*  Utilization  of  high  frequency  band  for  ECCM 
considerations.  The  bandwidth  14.62-1.5.23  GHZ  selected 
in  previous  section  .5.1  is  suitable  also  from  an  ECCM  point 
of  view. 

5.5  Analy.sis  of  Application  Specific  Features 

In  addiction  to  the  specific  Data  Link  functions  (to  provide  a 
communication  link  between  the  UAV  and  one  or  more  Ground 
Stations),  some  additional  features  may  be  considered. 

These  additional  functions  arc  strictly  relevant  to  Data  Links, 
since  they  arise  as  system  constraints  imposed  by  the  Data  Link 
itself  to  perform  the  required  communication  function,  or  may 
be  developed  much  more  easily  in  integration  with  the  Data 
Link  equipment 

As  additional  functions  the  following  may  be  considered: 

5.5.1  Antennas  switching  /  steering  /stabilization 

*  To  achieve  multi-users  communication  more  than  one 
antenna  is  necessary.  A  switching  unit,  controlled  using  the 
relative  position  of  the  UAV  with  respect  to  the  ground 
terminal,  is  necessary. 

*  On  the  UAV  a  steering  platform  is  necessary  to  point  the 
directive  antennas  utilized  for  long  range  communication. 
Fur  point-to-point  endurance  UAV  or  satellite  link,  due  to 
the  high  directivity  of  the  required  antennas,  these 
platforms  often  allow  the  antenna  stabilization  as  well;  the 
size  and  w'cight  of  the  ensemble  of  antenna  plus  the 
stabilized  platform  may  be  critical  from  an  installation  point 
of  view'. 

*  On  the  ground  .segment,  due  to  the  UAV  targeting 

requirements,  an  exact  relationship  must  be  determined 
bclw'ccn  the  radioelectrical  beam  of  the  antenna  and  the 
geographical  coordinates  of  the  antenna  itself  An  accurate 
absolute  reference  System  ought  to  be  derived 

mechanically  or  electrically. 


5.5.2  Unk  management 

To  allow  the  utilization  of  multiple  links  configuration  (primary 
plus  one  or  more  rcdund.int  links),  a  link  management  unit  is 
necessary  to  perform  a  coordinate  management  of  the  various 
links. 

5.5.3  Data  intiltiplexing 

Simultaneous  .sensors  data  transmission  from  UAV  is  often 
required  to  perform  data  correlation  and  data  fusion  in  the 
ground  stations  (c.g.  Navigation  plus  EO/IR  d.ata  for  targeting). 
Sensor  data  multiplexing  on  the  UAV  and  demultiplexing  in 
the  Ground  Station  is  therefore  necessary. 

5.5.4  Sensor  signal  processing 

Data  compression  /  decompression,  data  protection  coding, 
other  image  processing  (like  automatic  video  target  tracking) 
may  be  required  to  be  integrated  within  the  Data  Link. 

5.6  Verification  of  Size  Weight  Power  Constraints 

The  Size.  Weight  and  Power  constraints  both  force  architectural 
choices  and  impose  the  use  of  special  technologies  to  meet  the 
tight  performance  required  for  the  airborne  terminal. 

5.6.1  Architectural  Choices 

Among  the  architectural  choices  can  be  listed  the  following; 

*  Selection  of  high  Frequency 

The  use  of  high  frequency,  even  if  more  complex  from  a 
implementation  point  of  view,  allows  the  realization  of 
equipments  of  smaller  size. 

♦  Selection  of  Time  Sharing  Approach 

As  stated  in  the  operational  requirements,  for  the  majority  of 
applications,  the  Data  Link  needs  the  presence  of  the  down  and 
up  links  with  precise  latency  and  up  -date  rate  constraints. 

As  previously  expressed,  this  may  be  realized  using  two 
different  approaches: 

-  a  full  duplex  system  with  two  links  (up  and  down)  at  two 
different  frequencies  (frequency  sharing  approach); 

-  an  half-duplex  system  timed  shared  between  up  and  down 
links  (time  sharing  approach). 

The  first  approach  minimizes  the  transmission  latency, 
maximizes  the  effective  transmission  baud  rate  and  allows,  if 
required,  the  utilization  of  the  same  baud  rate  for  the  up  and 
down  links.  As  major  limitation  the  full  duplex  systems 
increase  the  equipment  dimension,  supply  requirement, 
complexity  and  cost. 

The  second  approach  simplifies  the  .SWF  requirements  and  the 
system  complexity  (for  instance  the  crosstalk  and  receiver 
possible  saturation  problems);  as  main  disadvantages  it  gives 
origin  to  an  extra  latency  (due  t('  the  time  shared  nature  of  the 
link)  and  reduces  the  effective  baud  rate. 

The  latency  can  be  reduced  by  use  of  a  multiplexing  rate 
between  up  and  down  link  whose  minimum  value  is  given  by 
the  required  Controli^Gommands  up-date  rate. 

The  effective  baud  rate  reduction  may  be  minimum  if  the  up 
and  down  links  data  rate  arc  significantly  different  (c.g.  up  rate 
much  smaller  than  down  rate,  as  in  the  UAV  Data  Link  where 
transmission  of  data  from  high  information  rate  sensor  is 
required);  in  this  ease  only  a  reduce  slot  time  may  he  dedicated 
to  the  transmission  on  the  up  link  (lower  rale  link). 

The  drawbacks  listed  above,  with  a  sensible  design,  may  be 
greatly  reduced;  the  time  sharing  approach  is  then  often  chosen 
in  presence  of  tight  Size.  Weight  and  Power  constraints. 
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5.6.2  Specific  Technologies 

High  Scale  Integration  Devices 

The  use  of  such  devices  allows  to  reduce  size  and  power 
requirements  of  IF,  Demodulator/Modulator,  Processing 
Sections,  increasing  the  reliability  level  as  well. 

*  Solid  State  Amplitier  and  MMIC 

The  use  of  Microwave  Miniaturized  Integrated  Circuit  (MMIC) 
and  Solid  State  Amplifier  allow  to  reduce  the  size  and  to 
increase  the  reliability  level  of  the  RF  Front  End, 

5.6.3  Recommendations 

Among  the  possible  recommendations,  the  list  reported  here 
below  deserves  a  special  attention; 

*  Selection  of  high  operative  frequency  to  reduce  equipment 
size; 

*  Selection  of  time-sharing  approach  when  the  SWP 
constraints  are  highly  critical; 

*  Selection  of  specific  technologies  (high  scale  integration 
devices,  Solid  State  Amplifier,  MMIC)  to  minimize  SWP 
requirements  and  increase  system  reliability. 

As  final  recommendations  it  should  be  noted  that  the  system 
design  of  a  Data  Link  is  an  iterating  process;  the  designer  may 
need  to  repeat  more  than  one  time  the  design  process,  selecting 
different  initial  assumptions  in  order  to  optimize  the  Data  Link 
characteristics. 

6.  DESIGN  APPLICATION:  INTEGRATED 

MULTIPURPOSE  DATA  LINK  DESCRIPTION 

As  practical  application  of  the  data  link  system  design  and 
implementation,  the  Integrated  Multipurpose  J  Band  Data  Link 
developed  and  realized  in  Marconi  SpA  is  presented  and  the 
results  achieved  discussed. 

6.1  Data  Link  Functions  and  Requirements 

The  Marconi  Data  Link  is  currently  utilized  both  on  tactical 
UAVs  and  helicopters  (integrated  by  METEOR  C.A.E  and 
Alenia  Difesa  Radar  Division)  provided  with  a  large  families  of 
sensors  (e.g.  ESM,  EO/IR,  MTI  radar,  LineScanner  sensor, .. ). 

6.1.1  Main  Functions 

Accordingly  to  the  data  link  role  depicted  in  section  2,  the 
primary  function  of  the  Marconi  Data  Link  is  to  transmit,  in 
real-time,  the  payload  data  plus  the  UAV  C2  data,  allowing  the 
UAV  Command  and  Control. 

As  additional  functions  the  Marconi  Data  Link  encompasses: 

*  A  compression  device  based  on  a  adaptive  differential 
compression  algorithm; 

*  A  Ground  Station  Antenna  Tracking  system  for  precise 
targeting  of  the  UAV; 

*  An  Automatic  Video  Tracking  (to  be  used  with  EO/IR 
sensors)  for  video  targets  tracking  and  targeting. 

6.1.2  Main  Requirements  /  Characteristics 

According  to  the  requirements  listed  in  para  3,  the  Marconi 
Data  Link  is  compliant  with  the  following: 

*  The  Marconi  Data  Link  range  is  within  the  tactical  UAV 
range  with  a  down-link  data  rate  of  some  Mbit/s  and  an 
up-link  data  rate  of  some  tens  of  Kbit/s  sufficient  to  allow 
the  UAV  command  and  Control.  For  the  EO/IR  sensors 


either  a  compressed  full  frame  rate  signal  or  an 
uncompressed  full  resolution  slow  frame  rate  signal  (1 
frame  per  second)  may  be  transmitted; 

*  Different  Data  Level  of  Quality  are  required  for  the 
Command&Control  Data  and  for  the  Sensor  Data.  The 
required  values,  analogous  to  those  indicated  in  para  3.2 
(Technical  Requirements),  are  achieved  also  with  the 
utilization  of  Error  Correction  Techniques  on  the 
Command&Control  Data; 

*  The  Marconi  Data  Link  is  required  to  support  man-in  the 
loop  operations  and  to  perform  remotely  controlled  video 
tracking  functions;  the  maximum  latency  is  therefore  a 
critical  issue  and  special  care  has  been  taken  to  bound  its 
value  to  some  tens  of  milliseconds; 

*  As  regards  to  long-range  and  close-in  operation  capability, 
the  Ground  Station  is  required  to  simultaneously  operate 
with  a  high  gain  antenna  (for  long  range  communication) 
and  a  low  gain  antenna  (for  close-in  operation).  To 
guarantee  mutual  optical  visibility  between  the  UAV  and 
the  Ground  Station  up  to  three  airborne  antennas  may  be 
selected  by  the  Air  Data  Terminal; 

*  Due  to  ECCM  considerations  and  to  meet  the  NATO  Joint 
Civil/Military  Frequency  Agreement,  the  Marconi  Data 
Link  operates  over  the  band  14.62  -  15.23  GHz  Band; 

*  As  regards  to  the  ECCM  capabilities,  owing  to  the  hopping 
ability  over  the  14.62  -  15.23  GHz  band,  the  medium/fast 
hopping  rate  and  the  use  of  highly  directive  antennas,  the 
Data  Link  shows  a  suitable  protection  level  against  Narrow 
Band  Jammers;  the  large  Spread  Spectrum  bandwidth  and 
the  choice  of  the  proper  frequency  band  give  the  Data  Link 
a  considerable  level  of  protection  against  Broad  Band 
Jammers, 

6.2  Data  Link  Design 

With  reference  to  the  recommendations  derived  by  the  Data 

Link  Design  Criteria  (see  para  5),  the  Marconi  Data  Link  is 

characterized  by  the  following  system  choices; 

*  Utilization  of  a  binary  phase  modulation  (MSK)  to 
guarantee  the  optimum  trade-off  between  sensitivity  and 
bandwidth  with  a  sufficient  robustness  to  fade  and 
multipath; 

*  Utilization  of  digital  demodulation  coherent  techniques  to 
improve  sensitivity  (coherent  demodulation)  and  system 
reliability  (digital  implementation); 

*  Utilization  of  Error  Correction  Codes  for  the 
Command&Control  data  to  improve  the  delivered  data 
level  of  quality; 

*  Utilization  of  a  half-duplex  Time  Sharing  approach  to  meet 
the  tight  Size,  Weight  and  Power  requirements.  Due  to  a 
sound  design  the  time  sharing  approach  meets  the 
maximum  latency  and  up-date  rate  requirements; 

*  Inclusion  of  the  Antenna  Switching  Unit  and  of  the  Video 
Signal  Processor  (Automatic  Follower  device)  within  the 
Air  Data  Terminal  to  increase  the  equipment  integration 
reducing  dimension  and  production  cost; 

*  Adoption  of  special  provision  to  improve  the  EMC 
performance  and  assure  the  NEMP  survivability.  For 
instance:  use  of  differential  balance  interfaces  (reduce  the 
harmfulness  of  common  mode  noise);  use  of 
double-braided  cables  and  metallic  external  conduits 
(improve  screen  from  external  EMC  radiation);  availability 
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of  a  very  low  rcsislnncc  path  from  the  mobile  to  the  fix  part 
of  the  ground  antenna;  suitable  thiekness  of  the  mechanics 
to  assure  protection  against  skin  effect. 

6.3  Air  Data  Terminal  Implementation 

The  Air  Data  Terminal,  depicted  in  picture  A.  is  characterized 
by  the  following  key  features: 

Detached  RF  section  (to  minimize  implementation  losses) 
witli  High  Power  solid  state  HPA; 

*  Possibility  to  switch  between  different  Down-Link  Baud 
Rales  to  increase  range  or  communication  margin; 

*  Highly  integrated  and  compact  synthesizer  with  Spread 
Spcelriim  Hopping  capability; 

Integrated  RF  Front  End  developed  using  a  MMIC; 

RF,  Power  Supply  and  Processing  sections  realized  with  a 
modular  approach  to  ease  modification  and  maintenance; 

*  Video  Compression  Unit  to  allow  continuous  video 
transmission  with  down-link  rate  up  to  some  Mbit/s; 

*  Use  of  standard  interface  for  Command  and  Sensor  Data 
like.  Arinc429.  1553  or  CCIR  for  Video; 

*  Medium  Oain  steerable,  not  stabilized  antennas. 

6.4  (Iround  Data  Terminal  Implementation 

The  Ground  Data  Terminal,  schematized  as  in  Figure  3,  is 
divided  in  four  units:  the  Antenna  Tracking  System  (ATS),  the 
Radio  Frequency  Unit  (RFU),  the  Processing  Unit  (PU).  and 
the  RF  Beacon  (being  used  for  alignment  purpo.se  during 
on-field  deployment). 

Pictures  B.  C,  D  depict  respectively  tbe  Radio  Frequency  Unit, 
the  Processing  Unit  and  the  Beacon. 

Pictures  E,  F  G  depict  the  Antenna  Tracking  System,  the  latter 
picture  shows  as  well  the  Marconi  rotary  platform  part  of  the 
test  equipment  used  to  simulate  UAV  trajectory  during  the 
preliminary  system  evaluation  tc.st. 

The  Ground  Data  Terminal  is  characterized  by  the  following 
key  features: 

*  High  gain  antenna  for  low  detectability  and  long  range 
communication: 

*  Low  gain  antenna  (optional  not  shown  in  the  picture)  for 
close-in  operation; 

Same  RF  iransmittcr/rcccivcr  channels,  synthesizer  and 
modulation  /  demodulation  techniques  used  in  the  Airborne 
Terminal  for  maintainability  and  performance  uniformity; 

*  Monopulse  Tracking  Ground  Antenna  and  Integrated 
Distance  Measuring  Equipment  (DME)  for  the  precise 
determination  of  the  UAV  position  with  bearing  and 
distance  (RHO/THETA  technique).  The  Airborne  Terminal 
RF  ti  ■ansmission  is  used  as  tracking  signal  source; 

The  Ground  Terminal  makes  use  of  monopuisc  tracking 
calibration  techniques  to  compensate  the  GDT  receiver 
channels  phase  and  amplitude  unbalance  at  the  switch-on 
and  during  operations.  These  techniques  ease  the  design 
and  realization  of  the  monopulse  receiver  channels  whose 
phase  and  amplitude  ought  to  be  balanced  to  guarantee 
correct  tracking  operations; 

*  Internal  Stabilization  system  for  accurate  leveling  of  the 
GDT. 


6.5  Experimental  Results 

To  validate  the  system  design  and  the  Data  Link  correct 
implementation,  extensive  tests  have  been  carried  out  during 
the  prototypic  and  production  phases  both  in  Marconi  (with  a 
suitable  Test  Site)  and  on  field  (with  the  final  system 
configuration).  The  tests  performed  encompass  the  air  -  ground 
transmission  of  medium  and  low  information  rate  sensors  data 
(e  g.  MTI  Radar.  EO/IR,  ESM). 

6.5.1  Factory  Tests 

The  aim  of  the  tests  performed  in  Marconi  was  to  finalize  the 
Data  Link  development  and  to  verify  the  required  performance 
against  a  controlled  test  environment. 

Marconi  Test  Site  made  use  of  a  rotary  turntable  allowing  to 
perform  both  Link  RF  and  tracking  tests  simul.ating  the  real 
UAV  dynamics  with  respect  to  the  Ground  Station. 

The  results  achieved  in  terms  of  real  link  (BF.R,  range), 
tracking  /  scrvomeehanical  and  environmental  performance, 
were  in  agreement  with  the  expected  design  performance. 

6.5.2  Field  System  Tests 

The  aim  of  the  field  tests,  currently  still  in  progress,  is  to  prove 
the  correct  functionality  of  the  complete  .system  in  a  ‘alike 
operating  scenario’  verifying,  as  well,  the  Data  Link  adequacy 
against  fading  and  multipath. 

The  test  already  performed  has  shown  the  Dtila  Link  capability 
to  fulfill  all  the  functions  and  requirements  specified. 

TIte  Data  Link  tracking  of  an  air  vehicle  and  transmission  of  the 
C2  /  sensors  data  within  the  rcqtiircd  range,  even  with 
extremely  adverse  weather  conditions,  were  verified. 

The  achics'cd  rcsttits  confirmed  therefore  the  suitability  of  the 
design  choices  (e.g.  frequency  hand,  modulation/demodiilation 
technique,  etc.)  to  provide  the  rcqitired  commtinication 
function  with  an  adequate  quality  level  and  within  the  SWP 
constraints. 

6.6  Additional  Function  and  Future  Development 

M  arconi  Data  Link  system  design  have  been  carried  out 
emphasizing  the  modularity  and  interchangeability  aspects;  this 
choice  is  currently  allowing  the  necessary  growing  capability  to 
meet  additional  requirements  not  originally  specified  by  Italian 
MoD. 

Main  additional  functions,  whose  development  is  either  being 
carried  out  or  forecast  for  the  Marconi  Data  l.ink.  arc: 

♦  Additional  Operational  Range 

A  small  detached  HPA/LN.\  module  is  under 
study/dcvclopment  to  be  directly  connected  to  the  transmitting 
antenna  Such  solution  will  minimize  the  installation  losses 
leading  to  an  increased  oper.ational  range. 

♦  Multi  Link  Capability 

Speeifie  Link  Management  Units  arc  under  study/devclopmcnt 
to  allow  the  installation/utilization  within  the  UAVs  and  the 
Ground  Stations  of  a  Multi-Links  configuration  system  (e.g.  a 
primary  point-to-point  Data  Link  plus  a  redundant  Stitellitc 
link  or  others). 

♦  Additional  Payload 

Marconi  Data  Link  is  currently  capable  to  carry  medium  /  low 
information  rate  data  stream.  The  need  to  support  high 
information  rate  data  sensors  (Wideband  /  High  Resolution 
SAR.  Multi  /  Hypcrspectral  Imagery  Sensors)  is  foreseen  for 
the  next  futitre. 

To  cope  with  this  requirement,  suitable  implementation  choices 
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are  under  investigation  for  binary  phase  modulation  (MSK, 
OQPSK)  modem  up  to  and  over  10  Mb/s. 

Due  to  the  modular  approach  followed  and  the  digital  modem 
implementation,  only  a  partial  redesign  is  foreseen. 

*  Different  Additional  Interfaces 

Implementation  of  different  external  interfaces  modules  (e.g. 
LAN  Ethernet  or  ATM)  to  allow  direct  connection  with  the 
Command&Control  Stations  is  currently  under  study  / 
evaluation. 

*  Non-Military  Applications 

As  previously  stated,  the  edge  between  military  and 
non-military  application  is  marked  by  the  implementation  of 
specific  function  (like  UAV  Tracking)  or  ECCM  techniques. 

The  Marconi  Data  Link,  due  to  its  modular  approach,  allows 
the  utilization  either  of  simpler  non  spread-spectrum 
synthesizers  or  of  non-tracking  ground  antennas  operating,  for 
instance,  with  the  UAV  navigation  information  provided  by 
GPS  and  transmitted  via  the  radio  links.  Even  with  such 
modifications,  the  other  system  performance  (operating  range, 
data  rate,  etc.)  would  be  retained  unchanged. 
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1.  SUMMARY 

Man-machine  system  performance  on  target  designation 
and  tracking  tasks  can  be  influenced  by  the  design  of  the 
manual  control  subsystem  including  characteristics  of 
the  control  device. 

An  experimental  set-up  simulates  the  control  station  of  a 
human  operator  monitoring  a  computer  display  which 
shows  the  stabilized  TV-camera  view  out  of  an 
unmanned  aerial  vehicle  flying  at  low  altitude.  Using  a 
hand-grip  controlstick  the  operator  can  control  the  direc¬ 
tion  of  the  missile’s  camera  to  facilitate  the  designation 
of  a  target.  After  "lock  on",  further  tracking  of  the  target 
is  made  by  an  automatic  tracking  system.  The  operator 
has  to  monitor  the  tracker  function  and  to  make  correc¬ 
tions  if  necessary. 

Target  designation  by  the  operator  becomes  a  critical 
task  because  the  camera  system  has  a  narrow  field  of 
view  to  enhance  good  recognition.  Thus  target  images 
move  towards  display  edges  in  a  short  time.  So  the  tar¬ 
get  designation  task  has  to  be  fast  and  reliable. 

To  achieve  near  optimum  operator  performance  three 
different  types  of  control  sticks  are  used  and  compared 
in  an  experiment:  (1)  a  moveable  stick  (displacement), 
(2)  a  stiff  stick  (hybrid  force),  and  (3)  an  unmoveable 
stick  (pure  force).  Additionally  the  sensivity,  i.e.  the 
gain  of  the  control  signal,  is  being  varied  including  a 
non-linear  relationship. 

Results  of  a  test  series  conducted  comparing  linear  and 
non-linear  control  gain  showed  no  signifikant  differ¬ 
ences  on  performing  the  target  acquisition  task. 

2.  INTRODUCTION 

In  support  of  the  man-machine  interface  design  of  a 
future  unmanned  aerial  vehicle  system,  the  remote  oper¬ 
ator's  control  activity  was  investigated.  The  operators 
task  is  to  select  a  target  in  a  given  reconnaissance  area 
and  to  make  the  proper  target  designation  in  time  to 
bring  the  aerial  vehicle  onto  the  target  during  the  end 
phase  of  its  flight.  To  achieve  near  optimum  operator 
performance,  control  stick  type  and  control  gain  will  be 
investigated. 

Navigation  of  the  aerial  vehicle  is  conducted  by  a  con¬ 
trol  station  on  the  ground.  As  a  requirement  for  target 
recognition  the  sensor  picture  of  a  infrared-camera  is 


transferred  to  the  ground  station.  The  stabilized  camera 
view  is  presented  to  the  operator  on  a  computer  monitor. 
During  an  pre-programmed  and  automatically  controlled 
cruising  phase  up  to  60  km  the  operator  can  also  follow 
the  vehicle  path  via  a  map  presentation  on  a  second 
monitor.  After  the  aerial  vehicle  reaches  the  target  area 
the  monitor  and  search  phase  begins. 

Here  the  operator's  primary  activity  takes  place.  First  of 
all  he  has  to  detect  relevant  targets  and  then  to  identify 
or  classify  them.  He  then  selects  the  target  by  bringing 
together  target  location  and  aiming  cursor  with  his  con¬ 
trol  device.  This  manual  target  designation  initiates  the 
end  phase  of  the  flight,  which  results  in  the  automatic 
tracking  system  leading  the  aerial  vehicle  to  the  target. 
During  the  end  phase  as  well  the  control  device  of  the 
operator  is  activated,  thus  correcting  of  the  aiming  point 
is  possible  nearly  until  impact. 

3.  GEOMETRIC  RELATIONSHIPS  AND 
THEIR  EFFECTS 

The  presentation  on  the  monitor  depends  on  the  flying 
altitude  and  camera  angles  used.  Figure  1  shows  an 
example  geometric  relationship  of  a  view  from  the  aerial 
vehicle.  The  flying  altitude  is  essentially  determined  by 
technical  and  tactical  aspects.  Determining  factors  are 
e.  g.  the  limitation  of  surveillance  at  altitudes  that  are 
too  low,  the  operational  distance,  and  the  speed  of  the 
aerial  vehicle.  An  altitude  of  150  m  is  assumed  to  be  a 
favourable  value. 

The  selection  of  flight  speed  is  affected  primarily  by  the 
operator's  reaction  time  to  events  while  watching  the 
monitor.  If  speed  is  reduced,  target  designation  is  made 
easier  for  the  operator.  An  assumed  value  for  flight 
speed  is  120  m/s. 

Used  in  the  monitoring  phase  is  a  fixed  camera  pitch 
angle  resulting  from  the  application  of  a  rate  gyro-stabi¬ 
lized  camera  line  of  sight  until  the  target  designation 
procedure  is  initiated. 

Optimum  starting  camera  settings  were  analytically 
determined  by  theoretical  considerations.  These  settings 
turned  out  to  be  4°  to  7°  pitch  angle  and  7°  to  1 1°  ver- 
tikal  view  angle.  Derived  from  this  by  using  a  monitor 
height  with  a  ratio  of  3:4,  was  the  horizontal  view 
angle  of  10°  to  15°. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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Figure  1 :  Geometric  relationships 


With  the  data  used  in  Figure  1  there  is  a  minimal  view¬ 
ing  distance  of  900  m,  a  maximal  viewing  distance  of 
4600  m,  a  front  view  width  of  140  m  and  a  back  view 
width  of  800  m.  For  the  observer  of  the  monitor  the 
front  view  represents  the  lower  edge  of  the  screen  and 
the  back  view  represents  the  upper  edge  of  the  screen. 
(12%  below  the  upper  edge  of  the  screen  corresponding 
to  a  distance  of  3000  m  there  is  a  550  m  wide  field  of 
view  anyhow,  which  should  be  sufficient  for  monitoring 
within  the  target  area).  The  center  of  the  monitor  results 
from  the  camera  pitch  angle  and  corresponds  to  the  cen¬ 
ter  distance  of  1500  m.  Furthermore,  a  time  scale  is 
given  in  the  figure  which  indicates  the  time  tjcs  remain¬ 
ing  for  an  object  in  the  target  area  until  it  disappears  at 
the  lower  edge  of  the  screen,  insofar  as  camera  direction 
(line  of  sight)  will  not  be  changed. 

From  these  geometric  and  temporal  values  the  operator's 
working  areas  for  detection,  classification,  and  target 
designation  tasks  can  be  estimated.  Detection  is  defined 
as  the  state  when  "an  object  is  found".  The  detection 
phase  takes  place  in  the  upper  quarter  of  the  monitor  and 
extends  from  the  more  distant  areas  down  to  2000  m, 
corresponding  to  about  9  s  of  the  remaining  time.  Identi¬ 
fication  and/or  classification  can  take  place  anytime 
after  detection  but  should  take  place  before  the  time 
remaining  is  5  s.  This  phase  will  vary  in  duration  and 
may  therefore  overlap  both  the  preceding  detection 
phase  and  the  following  target  designation  phase.  The 
decision  making  of  target  selection  is  essentially 
involved  during  the  classification  phase.  A  smooth  tran¬ 
sition  to  the  target  designation  phase  occurs  next  for 


which  only  3  s  to  5  s  of  the  time  remaining  arc  available 
until  the  object  disappears  at  the  lower  edge  of  the 
screen.  Therefore,  the  target  designation  procedure  has 
to  be  finished  in  time  by  locking  on  to  the  target,  acti¬ 
vating  the  tracker  and  handing  over  to  the  automatic 
final  guidance  (release  for  target  attack,  possibly  with 
final  corrections). 

Because  camera  parameters  have  a  determining  influ¬ 
ence  on  the  operator's  field  of  vision,  the  following  con¬ 
siderations  were  important. 

In  order  to  reach  a  sufficiently  high  resolution  or  the 
field  of  view  (which  will  be  generated  from  640  x  480 
pixel  sensor  data)  while  considering  the  operator's  time 
budget  for  target  selection  and  designation,  only  rela¬ 
tively  low  camera  view  angles  arc  possible,  which  corre¬ 
sponds  to  a  telephoto  lens.  The  camera  pitch  angle 
(angle  under  which  the  center  of  the  picture  can  be  seen) 
can  be  derived  from  the  distant  areas  (below  the  hori¬ 
zon)  which  still  should  be  visible  at  the  upper  edge  of 
the  operator's  screen.  The  attempt  to  get  high  resolution 
by  extremely  low  view  angles  is  limited  by  ongoing 
reductions  of  the  viewing  field  (especially  the  width  of 
the  visible  area). 

These  considerations  show  that  vertical  view  angles 
between  6°  and  14°  arc  promising.  Concerning  the  cam¬ 
era  pitch  angle  it  can  be  noted  that  the  upper  edge  of  the 
field  of  vision  should  be  2.5°  to  2°  below  the  horizon  so 
that  distances  up  to  3400  or  4300  m  arc  displayed; 
because  beyond  that  the  detection  of  details  arc  hardly 
possible. 
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It  should  also  be  considered  that  close  to  the  edge  of  the 
front  view  (at  lower  edge  of  screen)  blur-effects  can 
occur,  which  arise  from  the  characteristics  of  the 
infrared-sensor  (up  to  20  ms  integration  time,  if  very 
high  resolution  of  temperature  differences  is  desired). 
Such  blur-effects  appear  at  distances  of  600  to  1100  m 
depending  on  the  view  angle  of  the  camera.  (At  800  m 
in  the  actual  example  there  is  a  blur  zone  of  -(-  -1  pixel 
using  a  480  line  picture,  which  would  mean  1  mm  on  a 
monitor  with  a  24  cm  height.) 

4.  OPERATOR'S  TASK 

To  ensure  good  operability  the  system  is  improved  in 
the  sense  that  after  the  operator  firstly  is  able  to  manu¬ 
ally  control  the  direction  of  the  camera,  he  can  than  later 
use  the  advantages  of  the  automatic  target-following 
camera.  Thus,  after  target  designation  a  preliminary  tar¬ 
get  can  be  kept  in  the  center  of  the  display  by  means  of 
an  image  processing  system  that  includes  an  automatic 
tracker. 

The  operational  procedure  for  the  operator  is  shown  in 
the  flow  chart  of  figure  2: 

During  the  search  phase  the  monitor  displays  a  fixed 
angle  of  view.  If  the  operator  detects  a  possible  target  or 
target  area,  he  manually  directs  the  camera  towards  the 
area  of  the  desired  target  (or  aiming  point).  By  so  doing 
the  selected  target  comes  to  the  center  of  the  display, 
which  is  marked  by  a  crosshair.  After  the  "lock-on"  but¬ 
ton  is  pressed  camera  control  is  given  to  the  tracker 


Figure  2:  Flow  chart  of  the  operation  procedure 


which  follows  the  target  available  (or  the  structure  being 
there)  at  that  time  in  the  center  of  the  display.  Such  the 
camera  remains  in  direction  to  the  given  aiming  point. 
The  operator  is  able  to  move  that  aiming  point  with  his 
control  device  within  the  close  surroundings  before  the 
final  target  attack  release  while  the  "autoguidance"  func¬ 
tion  is  on. 

Should  the  tracked  object  be  classified  by  the  operator 
as  a  non-target,  the  traeker  can  be  disabled  for  the 
moment  and  be  reactivated  after  a  new  positioning  of 
the  camera.  The  final  target  designation  signifies  the 
start  of  the  autoguidance  phase  of  the  final  target  attack. 
The  autoguidance  phase  can  be  started  either  by  an  addi¬ 
tional  button  pressing  or  it  can  begin  automatically 
because  "lock-on"  is  not  cancelled  and  a  critical  value  of 
the  camera  pitch  angle  is  exceeded  (e.g.  12°  correspond¬ 
ing  to  about  700  m  distance  to  the  target  in  the  center  of 
the  display). 

With  regard  to  camera  parameters  to  be  selected  it  can 
be  noticed  that  relatively  small  view  angles  are  useful 
due  to  the  system  improvement  using  the  target  follow¬ 
ing  camera.  Starting  point  values  for  the  view  angle 
should  be  7.5°  vertically  and  10°  horizontally  respec¬ 
tively.  The  fixed  pitch  angle  of  the  camera  for  the  detec¬ 
tion  phase  (before  "lock-on")  should  be  chosen  in  a  way 
that  distances  at  which  detections  are  probable  are  close 
to  the  center  of  the  display.  That  is  the  case  at  4°to  5.5° 
which  is  corresponding  to  distances  between  2000  m 
and  1500  m. 


5.  PARAMETERS  OF  THE  EXPERIMENT 

The  effects  of  several  influencing  factors  have  to  be 
examined  under  experimental  conditions  in  order  to 
optimize  the  operator’s  performance.  For  the  experiment 
the  operator's  control  system  will  be  simulated  by 
means  of  a  computer-generated  display.  This  enables 
various  values  to  be  set  for  each  parameter  of  interest 
for  different  testing  conditions  and  offers  a  means  for 
determining  an  optimal  pre-selection  of  parameter 
values. 

Camera  parameters 

The  importance  and  significance  of  camera  parameters 
have  already  been  extensively  discussed. 

Flight  parameters 

The  most  important  flight  parameters  are  speed  and 
flight  altitude.  They  are  mainly  determined  by  the  tech¬ 
nical  and  tactical  conditions.  It  is  not  necessary  to  vary 
flight  altitude  for  the  experiments,  because  it  is  possible 
to  convert  the  camera  parameters  optimized  for  a 
specific  altitude  (essentially  by  means  of  the  pitch 
angle)  to  a  new  flight  altitude  so  that  nearly  identical 
perspective  for  the  observer  of  the  screen  is  achieved. 
For  similar  reasons  flight  speed  does  not  need  to  be 
varied.  By  increasing  flight  speed  the  camera  view  has 
to  be  aimed  more  distantly  (by  means  of  a  smaller  view 
angle)  in  order  to  provide  sufficient  time  for  the  operator 
to  perform  his  task. 

Control  device 

In  manual  control  type  and  characteristics  of  control 
devices  used  can  influence  the  operator's  control  perfor- 
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mance  (e.g.  [1]).  If  a  control  stick  (as  best  choice  for  this 
rugged  application)  is  used,  it  should  be  spring  centered 
[2].  The  question  remains  how  much  stick  displacement 
to  offer,  if  any  [3].  Also,  to  be  determined  is  the  control 
gain  and  whether  it  should  be  constant  across  the  entire 
displacement  range.  Gain  characteristic  be  can  also  be 
made  progressive  which  has  the  advantages  of  high 
control  gain  without  their  disadvantages  [4], 

Cursor  control 

Instead  of  the  direct  camera  control  by  a  control  stick 
the  operator  can  use  an  indirect  steering  mode  which 
derives  a  command  for  the  control  of  the  camera  from 
the  changed  position  of  the  cursor  on  the  screen. 

6.  SIMULATION  SET-UP  AND  EXPERIMENTAL 
PROCEDURE 

Simulated  test  conditions  were  set-up  in  order  to  experi¬ 
mentally  examine  the  operator's  performance  in  the 
target  designation  process  as  influenced  by  certain 
selected  parameters  (independent  variables).  The  visual 
presentation  for  the  experiment  is  a  computer  simula¬ 
tion.  The  simulated  view  from  the  aerial  vehicle's 
camera  while  flying  over  a  level  landscape  with 
different  targets  is  shown  according  to  the  camera's 
view  and  pitch  angles. 

Stored  in  the  computer  is  a  simulated  level  landscape  of 
7.5  X  2.0  km  that  represents  the  target  area.  In  this  land¬ 
scape  targets  can  be  inserted  (views  of  tanks  from 
different  directions).  An  impression  of  the  operator's 
view  is  given  in  figure  3.  Flight  time  over  the  landscape 
would  be  about  30  s  at  a  speed  of  1 20  m/s,  after  which 
the  simulated  landscape  would  be  exhausted.  However 
30  s  is  sufficient  time  to  simulate  the  operator's  activi¬ 
ties  of  detection,  classification,  and  target  designation 
and  to  investigate  the  control  activity  depending  on 
given  experimental  conditions. 

In  order  to  meet  the  real  time  requirements  of  the  exper¬ 
iment  and  the  limitations  of  computer  processing  time, 
the  simulation  of  the  landscape  is  limited  to  simple 
fields  and  roads.  An  attempt  was  made  to  give  a  temper¬ 
ature  dependent  appearanee  on  the  display  as  typical  of 
infrared  sensor  data. 

It  was  neither  possible  or  desirable  to  simulate  with  full 
realism  the  visual  conditions  for  the  detection  and  clas¬ 
sification  phases  with  the  available  computer  system 
(silicon  graphics  crimson  VGXT).  But  visual  realism 
requirements  of  the  operational  activities  in  the  target 
designation  phase  which  were  the  focus  of  the  experi¬ 
ment,  were  met.  Full  visual  realism  in  the  simulation  of 
the  preceding  identification  and  classification  phases 
were  not  desirable  because  this  would  have  meant  a 
highly  complex  and  variable  sensor  system  return  where 
targets  appear  less  distinct  and  less  distinguishable  from 
background  details.  This  would  have  required  better 
trained  subjects  in  the  experiment  to  assure  that  target 
identification  and  classification  during  the  experiment 
occurred  early  enough  to  leave  sufficient  time  for  the 
target  designation  task.  By  use  of  less  realism,  target 
identification  and  classification  is  made  easier  for  less 
trained  subjects  while  still  assuring  that  sufficient  time 
is  left  for  the  task  of  interest,  namely  the  target  designa¬ 
tion  task. 


Figure  3:  Operator's  workingplace  and  view  to  the 
simulated  landscape 

During  the  experiment  a  series  of  attack  runs  will  be 
made  with  different  starting  points  and  directions  and 
scenarios  of  target  arrangements.  The  subject  has  to 
watch  a  group  of  targets  (4  to  6)  until  one  target  appears 
coloured.  The  moment  of  colouring  is  the  command  to 
perform  the  target  designation  task  ("lock  on"  and  cor¬ 
recting  aiming  point).  The  subject  is  encouraged  to  bring 
the  coloured  target  approxemately  into  the  display  cen¬ 
ter  as  soon  as  possible,  press  the  lock-on  button  as  quick 
as  possible,  and  then  correct  the  aiming  point  for  target 
center.  In  the  first  test  sections  (blocks  of  8  runs)  during 
the  expcrimntal  procedure  the  scenarios  arc  chosen  so 
that  the  target  to  be  selected  also  remains  the  final  one. 
Later  sections  make  it  necessary  to  change  the  selected 
target.  This  means  that  a  "lockcd-on"  target  shortly 
afterwards  proves  to  be  no  longer  relevant  so  that  a  new 
target  designation  has  to  be  performed.  This  reflects  the 
situation  bccing  expected  in  the  real  system  that  decisive 
recognition  cues  for  the  target  often  will  be  seen  very 
late  by  the  operator  and  firstly  a  prliminary  lock-on  is 
made  to  an  object  that  is  expected  to  be  the  target. 

7.  DEPENDENT  AND  INDEPENDENT 
VARIABLES 

Independent  Variables 

During  the  examination  of  the  operator's  activity  while 
performing  the  target  designation  task,  various  indepen¬ 
dent  variables  have  to  be  varied  as  paramertes.  So,  as 
the  fir.st  independent  variable  three  different  types  of 
control  sticks  arc  prepared  for  comparison:  (1)  a  move¬ 
able  displacement  stick  and  (2)  a  stiff  or  hybrid  force 
stick  and  a  (3)  pure  force  stick.  All  sticks  have  handles 
of  the  same  design.  The  moveable  stick  can  be  deflected 
in  all  directions  to  about  25°  and  is  spring-centered.  The 
so  called  hybrid  force  stick  allows  small  deflections  of 
about  5°,  but  the  force  values  arc  the  input  signals. 
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Figure  4:  Force-displacement  relationships  for  the  three  sticks 


However,  the  small  displacement  has  the  essential 
advantage  that  the  operator  senses  when  the  mechanical 
stop  is  reached,  which  corresponds  to  the  maximum 
input  signal  point  and  signals  that  further  force  inputs  do 
not  result  in  a  further  increase  of  the  input  signal. 
Sensing  of  the  maximum  input  signal  point  would  not  be 
possible  when  using  the  completely  stiff  force  stick 
which  has  no  mechanical  stop.  The  force-displacement 
relationships  for  the  three  sticks  are  shown  in  figure  4 

For  the  second  independent  variable  the  gain  of  the 
input  signal  is  varied  in  three  conditions:  (1)  normal,  (2) 
high  and  (3)  non-linear  as  a  combination  with  a  progres¬ 
sive  transition  from  low  gain  for  small  input  signals,  to 
high  gain  for  strong  input  signals.  The  low  gain  condi¬ 
tion  (1)  enables  camera  turn  rates  of  47s  by  full  deflec¬ 
tion  of  the  stick.  The  high  gain  condition  (2)  enables 
camera  turn  rates  three  times  higher.  For  the  non-linear 
gain  condition  (3)  a  function  is  calculated  in  which  the 
signal  of  the  low  (linear)  gain  and  the  double  of  its 
squared  values  are  added,  so  that  a  gain  with  small 
deflections  of  the  stick  is  similar  to  the  condition  with 


(1)  normal 

(2)  high, 

(3)  nonlinear 


low  gain,  while  with  strong  stick  deflections  increas¬ 
ingly  higher  speeds  of  camera  turn  rates  are  reached  up 
to  127s  at  full  deflection  of  the  stick.  The  three  control 
gain  conditions  are  illustrated  in  figure  5. 

For  experimental  reasons,  (that  means  varying  task 
parameters,)  the  effects  of  recognition  distances  are 
investigated.  The  distances  at  which  a  reliable  target  rec¬ 
ognition  can  be  expected,  are  varied  in  three  steps:  (1) 
distant:  1400  m  and  1300  m,  (2)  medium:  1200  m  and 
1 100  m  and  (3)  close:  900  m.  In  the  experiment  recogni¬ 
tion  is  forced  by  colouring  the  relevant  target  at  the  dis¬ 
tances  subsumed.  It  is  expected  that  the  time  demand  for 
the  target  designation  procedure  increases  with  decreas¬ 
ing  distances  because  of  the  increasing  task  difficulty 
due  to  a  lack  of  time  and  quicker  movements  of  the  ele¬ 
ments  on  the  screen. 

Dependent  Variables 

For  the  evaluation  of  the  target  designation  task,  the 
most  important  factor  determining  the  operator's  perfor¬ 
mance  is  the  indication  of  the  time  needed  for  target 
designation.  First  of  all  the  time  for  lock-on,  i.  e.  the 
time  difference  between  the  moment  of  the  target  being 
coloured  and  the  moment  of  pressing  the  "lock-on"  but¬ 
ton  is  the  main  performance  indicator.  Secondly,  the 
time  needed  for  correcting  the  aiming  point  is  of  inter¬ 
est.  Moreover,  the  deviation  of  the  aim  point  from  the 
target  center  can  be  used  as  a  performance  measure  for 
the  target  designation  procedure.  In  addition,  the  subjec¬ 
tive  rating  of  the  task  difficulty  will  be  assessed  by 
means  of  the  sequential  judgement  rating  scale  [5]. 

8.  RESULTS  AND  CONCLUSIONS 

The  experiments  are  still  in  progress  at  the  moment. 
However,  some  results  and  trends  respectively  already 
have  become  apparent.  Final  result  presented  in  this 
paper  are  only  concerned  with  aspects  of  control  gain  as 
shown  in  figure  5,  done  with  one  stick  characteristic 
(hybrid  force)  of  figure  4. 

First  of  all,  two  results  of  previous  pilot  experiments 
will  be  discussed.  The  first  one  refers  to  an  important 
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Figure  6:  Results  comparing  linear  and  nonlinear  control 
gain  (two  groups  of  subjects,  1 1  each.) 

detail  in  the  operational  procedure,  namely  the  transition 
from  the  manual  control  of  the  camera  to  the  automatic 
target  tracking  phase  by  the  tracker  of  an  image  process¬ 
ing  system.  Immediately  after  pressing  the  "lock-on" 
button,  the  input  signal  of  the  control  stick  has  to  be  dis¬ 
abled  for  a  certain  period  of  time  so  that  no  possibly 
remaining  control  stick  signals  can  work  as  unintended 
corrections  for  the  aim  point.  It  was  shown  that  0.5  s  for 
this  time  period  was  completely  sufficient.  The  second 
experimental  result  concerns  the  gain  reduction  after 
"lock-on".  As  the  target  is  kept  in  the  center  of  the 
screen,  only  low  gain  is  necessary  to  adjust  the  aiming 
point.  Gain  reductions  were  varied  in  the  pilot  experi¬ 
ments  between  ratios  of  1  :  2  and  1  :  10  with  regard  to 
the  gain  in  the  "camera  direction  control"  mode.  The 
ratio  of  1  :  5  proved  to  be  most  controllable. 

Estimations  concerning  the  maximum  time  requirements 
of  the  target  designation  procedure  can  be  drawn  from 
pilot  experiments  as  well  as  from  the  still  incomplete 
current  experiment.  According  to  them,  it  was  noticed 
that  95  %  of  all  target  designations  needed  less  time 
than  2.4  seconds. 

When  comparing  the  three  sticks,  first  evaluations 
showed  no  trends  for  differences  of  the  operator's  per¬ 
formance  on  target  designation  during  the  task  applied. 

The  results  available  to  date  show  massive  disadvan¬ 
tages  for  the  high  control  gain  (2)  of  figure  5.  This 
appeared  already  during  the  pilot  experiments.  As  a  con¬ 
sequence,  high  gain  was  omitted  for  further  investiga¬ 
tion  and  a  test  series  was  done  to  compare  linear  gain  (1) 
and  nonlinear  gain  (3)  thereby  using  the  hybrid  force 
stick.  22  soldiers  served  as  subjects.  They  were  divided 
into  2  groups,  a  nonlinear  gain  group  and  a  linear  gain 
group.  All  subjects  at  first  performed  6  sections  (blocks 


of  8  runs)  without  false  targets  and  then  4  sections  with 
false  targets  as  mentioned  earlier. 

The  times  for  lock-on  as  group  means  per  section  over 
the  current  section  number  are  shown  in  figure  6.  The 
predominant  tendency  for  the  decreasing  length  of  time 
while  increasing  the  section  number  reflects  mainly 
learning  of  the  subjects.  The  group  means  in  section  10, 

i.  e.  the  last  8  of  80  attack  runs,  reach  values  of  2.1  s  and 
2.0  s  respectively  with  no  significant  difference  between 
nonlinear  and  linear  control  gain.  Because  of  the  cover¬ 
ing  by  learning  none  of  the  expected  influence  of  recog¬ 
nition  distances  on  the  time  for  lock-on  could  be  e.stab- 
lishcd. 

Evaluation  of  the  time  needed  for  correcting  the  aim 
point  proceeded  with  some  difficulties,  because  subject 
tended  to  lengthen  their  corrections  until  end  of  attack, 
thus  covering  the  real  deadline  of  correcting  activity 
necessary.  However  correcting  time  on  average  can  be 
estimated  that  they  do  not  exceed  3  seconds. 

Subjective  ratings  revealed  a  trend  (but  without  signifi¬ 
cance)  showing  less  task  difficulty  for  the  nonlinear 
control  gain  group.  High  intra-individual  variances  of 
the  ratings  were  observed.  Altogether  it  appeared  that 
the  task  could  be  easy  performed  by  the  subjects.  From 
this  and  considering  the  relatively  short  times  for  lock- 
on  it  can  be  derived  that  successful  target  designations 
are  likely  to  be  performed  until  recognition  distances  of 
nearly  700  m. 

Alternative  cursor  control  influences  (indirect  camera 
control)  arc  reserved  for  future  experimental  scries. 
Another  aspect  to  be  looked  at  in  further  investigations 
additionally  will  by  the  use  of  a  camera  with  two  differ¬ 
ent  fields  of  view  that  can  be  switched  by  the  operator. 
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SOMMAIRE 

L'utilisation  d'un  radar  permet  de  r^soudre  les 
probl^mes  rencontres  par  les  systemes  optiques  ou 
infrarouges  initialement  instalies  sur  drone  par 
mauvaises  conditions  meteorologiques. 

Au  titre  d'un  contrat  DGA  passe  en  1994, 
THOMSON-CSF  a  developp6  un  demonstrateur  d'un 
futur  radar  bi-mode  SAR/MTl  de  surveillance  du  sol 
sur  drone  lent. 

Apres  avoir  rappeie  le  besoin  operationnel  (chapitre  2) 
et  la  methodologie  de  conception  de  CRESUS 
(chapitre  3),  les  grands  choix  effectues  pour  CRESUS 
sont  explicites  (chapitre  4),  en  particulier  celui  de  la 
moyenne  port6e  qui  permet  non  seulement  de 
resoudre  le  problems  tous  temps,  mais  egalement  de 
beneficier  au  maximum  des  capacites  intrinseques  du 
radar,  e  savoir  sa  capacite  e  percer  les  couches 
nuageuses  et  done  e  observer  de  plus  haut  et  de  plus 
loin. 

Dans  la  suite,  sont  presentes  les  traitements  MTI  et 
SAR  (chapitre  5),  les  performances  et  les 
caracteristiques  (chapitre  6),  les  descriptions  physique 
et  fonctionnelle  (chapitre  7)  ainsi  que  la  station 
d'exploitation  au  sol  (chapitre  8). 

La  conclusion  (chapitre  9)  souligne  I'^volutivit^  du 
d6monstrateur  permettant  d'y  adjoindre  h  moindre 
coOt  un  mode  SAR  tr^s  haute  resolution  ainsi  que  la 
modularite  du  radar  final  permettant  de  I'installer  sur 
diff6rents  types  de  drones  (drones  tactiques,  drones 
MALE,  ...). 


SUMMARY 

Under  a  contract  awarded  in  1994  by  French  MOD 
(DGA),  THOMSON-CSF  has  developed  a  demonstrator 
for  a  SAR/MTl  Air-Ground  Surveillance  radar  on  low 
speed  UAVs. 

After  having  explained  the  operational  requirement 
(part  2)  and  the  method  used  to  develop  CRESUS 
(part  3),  the  principal  choices  made  for  CRESUS  are 
explained  (part  4),  especially  the  choice  of  a  medium 
range.  This  range  enables  one  to  take  advantage,  at 
the  maximum  possible  extent,  of  the  intrinsic  features 
of  a  radar,  that  is  to  say  its  capability  to  look  through 
the  clouds  and,  as  a  direct  consequence,  its  ability  to 
observe  from  a  higher  and  farther  position. 

A  description  of  MTI  and  SAR  signal  processings  (Part 
5),  performances  and  characteristics  (part  6),  a 
physical  and  functionnal  description  (part  7)  and  a 
description  of  the  ground  segment  (part  8)  are  then 
given. 

The  conclusion  (part  9)  emphasizes  the  versability  of 
the  demonstrator  since  it  can  be  improved,  at  low 
cost,  by  adding  a  high  resolution  SAR  mode. 
Furthermore  a  low  cost  installation  of  the  final  radar 
on  different  classes  of  UAVs  (tactical,  MALE,  ...)  is 
possible. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  "System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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1.  INTRODUCTION 

L'utilisation  d'un  radar  permet  de  r6soudre 
rinconv6nient  majeur  pr6sent6  par  les  systftmes  de 
surveillance  initialement  install6s  sur  drone  (systfemes 
optiques  ou  infrarouges)  :  leur  inefficacit6  par 
mauvaises  conditions  m6t6orologiques. 

Le  radar  CRESUS,  conpu  par  THOMSON-CSF  pour 
r6pondre  au  besoin  de  rArm6e  de  Terre  a  fait  I'objet 
d'un  d6veloppement  exploratoire  au  titre  d'un  contrat 
pass6  en  1994  avec  les  services  techniques  de  la 
DGA  (SPOTI). 

CRESUS  est  un  radar  bi-mode  SAR/MTI,  destin6  d  fitre 
embarqu6  sur  un  drAne  lent,  de  type  BREVEL, 
CRECERELLE,  SPERWER,  ...  II  constitue  une  base 
pour  la  realisation  de  radars  operationnels  pouvant 
equiper  des  h6licopt6res  ou  drones  I6gers  tels  que  les 
drones  MALE  (Moyenne  Altitude,  Longue  Endurance). 

La  realisation  du  radar  est  terminee,  les  essais  en  vol 
debuteront  en  novembre  1997. 

2.  BESOIN  OPERATIONNEL 

La  mission  principals  du  systeme  est  I'acquisition  du 
renseignement  sur  la  zone  divisionnaire  avec  une 
capacite  tous  temps.  Le  renseignement  concerns  la 
progression  et  le  deploiement  d'unit6s  adverses  ou 
amies.  Le  systfeme  doit  completer  les  dispositifs 
stand-off  (tel  que  le  radar  HORIZON  developpe  par 
THOMSON-CSF),  aux  endroits  oCi  ils  sont  masques 
par  le  relief. 

Le  profil  de  mission  est  un  profil  en  penetration  ou  en 
stand-off.  La  fauchee  est  suffisante  pour  permettre  un 
profil  de  mission  simple. 

Le  radar  doit  detecter  et  localiser : 

•  les  objectifs  fixes  dont  le  deploiement  est 
caracteristique  (PC  en  campagne,  batteries  de 
missiles  Sol-Air  ou  Sol-Sol,  colonnes  do  vehicules  e 
I'arrftt,  bases  logistiques,  ...), 

•  les  vehicules  terrestres  mobiles  (v6hicules  I6gers, 
vehicules  lourds,  vehicules  blindes  &  roue, 
vehicules  blindes  e  chenille), 

•  les  heiicopteres  mobiles  et  les  heiicopt6res  en  vol 
stationnaire. 

3.  CONCEPTION  DE  CRESUS 

La  conception  d'un  radar  de  surveillance  est  bas6e  sur 
une  decomposition  fonctionnelle  pour  les 
specifications  des  elements  physiques  et  du 
traitement  algorithmique. 

En  effet,  le  grand  nombre  de  param6tres  et  la 
complexite  d'un  radar  necessitent  I'emploi  d'une 
methodologie  pour  maTtriser  et  specifier  de  fagon 
optimale  ses  functions. 


D’une  fagon  gen6rale,  le  nombre  de  chatnes 
fonctionnelles  utilisees  est  habituellement  au  nombre 
de  quatre  : 

•  la  chaine  ’mission"  qui  permet  d'analyser  les 
solutions  en  terme  de  performances  temporelles 
d'une  function, 

•  la  chatne  "image"  qui  permet  de  definir  les 
caracteristiques  de  la  charge  radar  et  du  traitement 
algorithmique, 

•  la  chaine  "exploitation"  :  stockage  et  acc6s  aux 
donn6es,  post-traitement,  analyse  des  images  par 
des  op6rateurs, 

•  la  chaine  "d6ssimination  /interop6rabilit6" . 

Dans  le  cadre  du  d6monstrateur  CRESUS,  seule  la 
chaine  "image"  est  concernfie. 

Les  objectifs  principaux  de  I'emploi  de  cette  chaine 
"image"  sont  de  specifier  de  fagon  compidte  et 
pr4cise  les  paramdtres  de  fonctionnement  du  radar 
(bande,  frequence  de  recurrence,  puissance  de 
remetteur),  ainsi  que  les  caracteristiques  des  sous- 
ensembles  (antenne,  pilote,  emetteur,  recepteur,  ...) 
en  evitant  en  particulier  les  sur-specifications,  souvent 
trfts  couteuses. 

AprSs  la  definition  de  la  chaine  "image",  la  demarche 
comporte  trois  grandes  etapes  : 

•  retablissement  des  paramdtres  (forme  d'onde, 
frequence  de  recurrence,  ponderations  de 
I'antenne,  ...)  de  la  chaine  "image"  decrivant 
chaque  fonction.  L’objectif  est  de  preciser  les 
fonctionnalites  de  haut  niveau  de  cette  chatne 
fonctionnelle, 

•  retude  et  I'anatyse  de  I'influence  sur  les 
performances,  des  imperfections  des  6l6ment 
physiques  :  mouvements  du  porteur,  imperfections 
de  la  chaine  Amission/rdception,  ... 

•  la  validation  des  rdsultats  obtenus  par  rapport  aux 
performances  demand6es.  Une  partie  do  cos 
validations  sont  effectu6es  par  le  biais  d'outils  de 
simulation. 

Plusieurs  iterations  sont  bien  sOr  necessaires  pour 
converger  vers  les  paramdtres  de  la  fonction  et  les 
caracteristiques  des  sous-ensembles  du  radar. 

4.  LES  GRANDS  CHOIX 

4.1  Porteo  -  Fauchee 

La  portee  du  radar  CRESUS  est  de  la  classe  moyenne 
portee. 

Cette  classe  de  portee,  compatible  d'un  emport  sur 
drone,  permet  d'exploiter  de  fapon  optimale,  les 
caracteristiques  intrinseques  des  radars  : 
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•  leur  capacity  d  observer  beaucoup  plus  loin  que  les 
systdmes  optiques  ou  infrarouges, 

•  leur  faible  sensibility  aux  variations  mytyorologique 
leur  assurant  une  capacity  tous  temps  mais  aussi 
celle  de  percer  les  couches  nuageuses  et  done 
d'observer  de  plus  haut. 

Les  avantages  qui  en  dycoulent  sont : 

•  une  capacity  de  surveillance  nettement  accrue  en 
terme  de  surface  surveiliye  et  de  capacity  tout 
temps, 

•  une  vulnyrability  ryduite  dans  la  mesure  oCi  cette 
surveillance  est  effectuye  h  haute  altitude  et  sans 
avoir  h  survoler  les  zones  surveiiiyes  pouvant  ytre 
fortement  dyfendues, 

•  des  conditions  d'emploi  simplifiyes  en  terme  de 
pryparation  de  mission  et  de  profil  de  vol, 

•  une  capacity  secondaire  de  surveillance  stand  off, 
permettant  en  particulier  une  utilisation  en  temps 
de  paix  pour  le  contrble  de  zones  frontidres. 

4.2  Fryquence 

Les  avantages  des  hautes  fryquences  sont : 

•  intygration  plus  aisye  (technologie  hyperfryquence 
plus  compacte), 

•  en  mode  MTI,  y  dimension  d'antenne  donnye, 
meilleure  visibility  des  cibles  lentes, 

•  en  mode  SAR,  y  rysolution  transverse  donnye, 
temps  d'intygration  plus  court  et  accyiyrations 
rysiduelles  acceptables  plus  yievyes. 

L'inconvynient  majeur  des  hautes  fryquences  est 
constituy  par  les  pertes  de  propagation  par  mauvais 
temps  (pluie,  brouillard,  couches  nuageuses). 

La  bande  de  fryquence  du  radar  CRESUS  est  done  la 
bande  Ku  qui  ryalise  le  meilleur  compromis. 

4.3  Visye  latyrale 

Les  avantages  de  la  visye  latyrale  sont : 

•  hautes  performances  en  portye  et  fauchye  (taille 
d'antenne  supyrieure), 

•  en  mode  MTI,  bonnes  performances  de  dytection 
des  cibles  lentes  sans  traitement  complexe, 

•  antenne  conforms  facilitant  I'intygration  sur 
diffyrents  types  de  porteur. 

Le  radar  CRESUS  est  done  un  radar  y  visye  latyrale. 

En  mode  SAR,  la  visye  latyrale  est  orthogonale  h  I'axe 
du  drone.  Ce  type  de  visye  est  optimal,  car  il  permet 
de  ryduire  les  temps  d'intygration  nycessaires. 


En  mode  MTI,  la  visye  latyrale  est  oblique  vers  I'avant 
du  drone.  Ce  type  de  visye  permet  d'une  part,  un 
profil  de  mission  qui  longe  les  axes  routiers,  et  d'autre 
part,  d'indiquer  au  mode  SAR  les  zones  de  forte 
activity. 

4.4  Antenne  et  asservissement 

L' antenne  du  radar  CRESUS  est  une  antenne 
conforme,  bi-mode  (SAR/MTI),  y  guides  y  fentes. 

L'ouverture  en  site  est  dimensionnye  de  fa9on  y 
prendre  en  compte  les  mouvements  de  roulis  et  de 
tangage  du  drone. 

En  mode  SAR,  l'ouverture  en  gisement  est 

suffisamment  importante  pour  prendre  en  compte  les 
mouvements  de  lacet  pendant  le  temps  d'intygration. 
Ceci  est  compatible  de  la  moyenne  portye  en  raison 
du  gain  d'intygration  important  de  ce  mode. 

En  mode  MTI,  l'ouverture  en  gisement  est 

suffisamment  faible  pour  atteindre  des  performances 
satisfaisantes  en  terme  de  portye  et  de  vitesse 
minimale  dytectable. 

L'ydairement  de  la  cible  pendant  le  temps 
d'observation  est  assury  par  balayage  yiectronique  un 
plan,  ryalisy  par  I'utilisation  conjointe  d'une  antenne 
dispersive  en  gisement  (antenne  y  guides  y  fentes  y 
ondes  progressives)  et  d'agility  de  fryquence. 

4.5  Entrelacement  SAR/MTI 

Dans  le  radar  CRESUS,  les  modes  MTI  et  SAR  sont 
entrelacys  temporellement. 

L'entrelacement  utilisy  permet  une  couverture 
continue  du  terrain  dans  les  deux  modes  SAR  et  MTI, 
sans  qu'aucun  des  deux  modes  n'ait  ses 
performances  altyryes  par  la  prysence  de  I'autre. 

4.6  Architecture 
Traitement  de  signal : 

Pour  respecter  les  contraintes  de  dybit  de  la 
transmission  do  donnyes  (4  Mbits/s),  I'architecture 
retenue  est  la  suivante  : 

•  traitement  MTI  effectuy  en  temps  ryel  y  bord, 

•  prytraitement  SAR  y  bord  et  traitement  effectuy  au 
sol. 

Capteurs  de  mouvement ; 

De  fagon  y  dtre  autonome  du  porteur,  le  radar 
CRESUS  est  yquipy  de  ses  propres  capteurs  de 
mouvements  : 

•  trois  gyromytres  donnant  le  lacet,  le  roulis  et  le 
tangage, 

•  trois  accyiyrorndtres  donnant  les  accyiyrations  sur 
les  trois  axes  orthogonaux, 

•  un  GPS  donnant  principalement  la  position,  la 
vitesse  sol  et  la  route. 
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4.7  Adaptations  adoptees  pour  le  d^monstrateur 

Ces  adaptations  ont  consist^  h  adopter  des  solutions 
moins  on4reuses  que  celles  du  radar  final,  sans  r6duire 
I' aspect  d6monstratif. 

C'est  pourquoi,  elles  ne  portent  que  sur  des  aspects 
techniques  maTtris6s  par  ailleurs. 

•  Porteur : 

Pour  le  d6monstrateur,  le  porteur  utilis6  est  un  porteur 
de  servitude  (h6licopt6re  I6ger  Gazelle)  poss6dant  des 
caract6ristiques  de  vol  (vitesse,  altitude)  voisines  de 
celles  du  drftne  final. 

•  Antenne  ; 

Pour  le  d6monstrateur  I'antenne  conforme  bi-mode 
SAR/MTI  est  remplac^e  par  deux  antennes  plates 
superpos6es. 

•  Transmission  de  donn6es  : 

Pour  le  d^monstrateur,  11  n'y  a  pas  de  transmission  de 
donn^es  en  temps  r6el.  Les  donn6es  sont  enregistr6es 
^  bord  sur  disque  dur  amovible,  avec  un  d^bit 
d'enregistrement  inf^rieur  d  celui  de  la  transmission  de 
donn6es  envisag6e  pour  le  radar  final  (4  Mbits/s). 

•  Fauch6e  SAP  : 

Pour  le  d6monstrateur  la  fauch6e  SAR  instrument6e 
est  r6duite  d'environ  un  facteur  quatre,  pour  limiter  la 
puissance  de  calcul  nScessaire. 

•  Encombrement  : 

Seule  les  contraintes  de  masse  (20  kg)  et  de  volume 
(25  I)  portant  sur  la  chaine  hyperfr6quence  (chafne 
pilot6e,  6metteur  et  r6cepteur)  sont  conserv6es. 

5.  TRAITEMENTS 

Le  traitement  de  signal  implants  dans  le  radar 
CRESUS  est  bas6  sur  I'exp^rience  reconnue  de 
THOMSON-CSF  dans  le  domaine,  d6montr6e  en 
particulier  h  travers  les  realisations  des  systdmes 
HORIZON  et  RAPHAEL. 

B.1  Trahement  MTI 

II  est  effectue  en  temps  reel  h  bord. 

L' exploitation  est  effectuee  au  sol  sur  un  poste 
operateur  constitu6  de  stations  de  travail  standards. 

Ce  traitement  comprend  : 

•  un  module  de  compensation  des  mouvements  du 
porteur, 

•  un  module  de  detection  et  de  lever  d'ambiguite 
des  cibles  mobiles  (cibles  terrestres  et 
heiicopteres), 

•  un  module  sp6cifique  de  detection  des  heiicopteres 
en  vol  stationnaire. 


•  un  module  de  localisation  des  cibles  utilisant  les 
informations  deiivrees  par  le  radar  et  par  les 
capteurs  de  mouvements  sp6cifiques  de  CRESUS, 

•  un  module  de  classification  automatique  basee  sur 
les  signatures  Doppler  des  cibles.  Cette 
classification  utilise  le  dispositif  de  classification 
automatique  DIRACH  mis  au  point  par  THOMSON- 
CSF  et  implant^  dans  le  radar  HORIZON.  Dans  le 
cadre  du  d6monstrateur,  ce  module,  maTtris6  par 
ailleurs,  n'est  pas  implant6. 

5.2  Traitement  SAR 

Le  traitement  SAR  est  constitu6  d'un  pr6traitement 
embarqu6  ainsi  que  d'une  formation  d'image  et  d'une 
exploitation  effectu6es  au  sol  sur  le  mfime  poste 
operateur. 

Le  pr6traitement  embarqu6  (filtrage  et  sous- 
6chantillonnage)  est  destine  6  rMuire  le  d6bit  de 
donn6es. 

Le  logiciel  de  traitement  SAR  (cod6  en  langage  C)  est 
implant^  sur  le  poste  op6rateur. 

II  est  con9u  de  manidre  tr6s  modulaire,  ce  qui  lui 
confers  les  avantages  suivants  ; 

•  possibility  de  syiectionner  et/ou  de  combiner  tout 
ou  partie  des  modules  d^jd  ddveloppys  pour  affiner 
le  traitement  ou  au  contraire  priviiygier  la  rapidity 
d'exycution, 

•  possibility  d'inclure  de  nouveaux  modules  et/ou  de 
modifier  les  modules  dyjS  existants  d'une  maniftre 
efficace  et  souple. 

Les  principaux  modules  implantys  actuellement  sont  ; 

•  analyse  et  correction  des  donnyes  brutes, 

•  compensation  de  mouvements  basye  sur  les 
informations  issues  des  gyromytres,  des 
accyiyromfetres  et/ou  du  GPS, 

•  calcul  du  Doppler  moyen, 

•  correction  des  dyphasages, 

•  autofocus, 

•  compression, 

•  surychantillonnage  des  donnyes  d'un  facteur  deux 
par  rapport  d  la  rysolution, 

•  visualisation  comprennant  des  outils  d'exploitation 
spycifiques  h  I'imagerie  SAR  comme  des  outils  de 
dytection  de  cibles. 

D'autres  modules  peuvent  fitre  activys  comme  le 
multi-vues  ou  la  correction  radiomytrique  nycessitye 
par  des  mouvements  yventuels  du  lobe  d 'antenne  en 
azimut. 

Ce  logiciel  est  naturellement  portable  et  fonctionne 
actuellement  sur  HP  et  sur  SUN  sous  syst6me 
d'exploitation  UNIX. 


23-5 


6.  PERFORMANCES  ET  CARACTERISTIQUES  DU 
DEMONSTRATEUR 

Ce  chapitre  pr^sente,  de  fapon  synth^tique,  les 
performances  et  les  caract^ristiques  du  d^monstrateur 
CRESUS. 

La  figure  1  schematise  la  zone  eclair^e  de  fa9on 
instantanee  par  le  radar  CRESUS. 

6.1  Performances  du  mode  MTI 

+  Port6e  :  moyenne  port6e. 

+  Fauch6e  classelOkm. 

+  Domaine  vitesse  ;  compatible  des  vitesses 

de  vol  des  h6licopt6res. 

+  Resolution  distance  ;  classelOm. 

+  Resolution  vitesse  classe  1  km/h. 

-I-  Precision  de  localisation  :  classe  100  m. 

+  Detection  des  cibles  terrestres. 

-I-  Detection  des  heiicopt6res,  y  compris 
stationnaires. 

6.2  Performances  du  mode  SAR 

-t-  Portee  :  moyenne  portee. 

+  Fauchee  :  classe  3  km. 

+  Resolution  distance  :  classe  metrique. 

-I-  Resolution  azimut  ;  classe  metrique. 

+  Cartographie. 

+  Detection  des  cibles  fixes. 

6.3  Caracteristiques 

+  Bande  de  frequence  ;  Ku. 

-f-  Bande  d'agilite  :  classe  1  GHz. 

+  Puissance  emise  :  classe  1 00  W  crSte. 

+  Debit  de  donnees  :  4  Mbits/s. 

7  DESCRIPTION  DU  DEMONSTRATEUR 

7.1  Description  fonctionnelle 

La  figure  2  presente  le  synoptique  fonctionnel  haut 
niveau  du  demonstrateur  CRESUS. 

Ce  synoptique  fait  apparaTtre  les  sous-ensembles 
integres  dans  le  POD  et  dans  la  baie,  ainsi  que  ceux 
ne  constituant  que  de  I' instrumentation  specifique  au 
demonstrateur,  destines  d  dtre  remplaces  dans  le 
radar  final  par  une  transmission  de  donnees  temps 
reel. 

7.2  Description  physique 

Le  demonstrateur  comprend  trois  sous-ensembles 
principaux  notes  A,  B  et  C  : 

•  le  POD  (A),  fixe  sur  le  bras  d'arme  de  la  Gazelle, 
en  lieu  et  place  des  missiles  HOT, 

•  la  baie  d'exploitation  (B),  integree  dans  la  cabine 
de  la  Gazelle, 

•  la  station  d'exploitation  au  sol  (C). 


Le  POD  (A)  contient  ou  supporte  (figures  3  et  4)  : 

•  le  coffret  pilote/recepteur  (A1), 

•  remetteur  e  TOP  (A2), 

•  le  pretraitement  SAR  (A3), 

•  le  bloc  alimentation  |A4), 

•  I'aerien  (A5)  contenant  I'antenne  MTI  (A51), 
I'antenne  SAR  (A52)  et  le  bloc  gyromfetres 
/acceierometres  |A53). 

La  baie  d'exploitation  (B)  contient  (figures  5  et  6)  : 

•  le  poste  op6rateur  bord  constituS  par  le  moniteur 
couleur  (B1)  et  le  calculateur  bord  (B2).  Pour  le 
radar  final,  le  poste  op6rateur  bord  sera  remplac6 
par  une  transmission  de  donnees  temps  r6el, 

•  le  coffret  traitement  gestion  (B3)  contenant  le 
module  de  gestion,  le  traitement  MTI  temps  r6el  et 
le  GPS. 

La  station  d'exploitation  au  sol  constitute  par : 

•  un  calculateur  HP  strie  9000  J200  sous  UNIX,  sur 
lequel  est  implantt  le  traitement  SAR, 

•  un  calculateur  SUN  Ultra  1  sous  UNIX,  sur  lequel 
est  implantt  I'lHM, 

•  un  moniteur  couleur  19  pouces  haute  rtsolution. 

8.  STATION  D'EXPLOITATION  AU  SOL 

L'exploitation  des  donntes  acquises  en  vol  est 
effectute  sur  la  station  sol. 

Deux  tcrans  difftrents  sont  prtsentts  h  I'optrateur. 

Le  premier  tcran,  h  tendance  MTI,  contient 
principalement  : 

•  une  carte  de  sol  numtriste  sur  laquelle  sont 
reprtsenttes  : 

=>  la  position  des  fauchtes  SAR  et  MTI, 

=>  les  cibles  dttecttes  en  MTI  (rapprochement, 
tioignement  et  htlicopttres  stationnaires)  avec 
leurs  attributs  (position,  vitesse,  SER,  ...), 

=>  la  carte  d'4chos  fixes. 

La  figure  7  prdsente  une  illustration  de  cette  carte. 

•  une  carte  SAR  h  resolution  degradee  (classe 
ddcametrique)  permettant  e  I'operateur  de  faire  un 
premier  tri  des  cartes  h  analyser  plus  finement 
dans  le  second  ecran 

Le  second  ecran,  e  tendance  SAR  contient 
principalement  la  carte  SAR  e  pleine  resolution,  avec 
la  mise  h  disposition  d'outils  automatiques  d'aide  k 
I'interpretation  (seuillage)  et  e  la  detection  (detecteur 
h  taux  de  fausse  alarme  constant).  La  figure  8 
presente  une  illustration  de  cette  carte. 
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9.  CONCLUSION 

Au  litre  d'un  contrat  DGA  pass6  en  1994, 
THOMSON-CSF  a  d6velopp6  le  radar  CRESUS, 
d6monstrateur  d'un  futur  radar  bi-mode  (SAR/MTI), 
destine  d  6tre  int6gr6  sur  un  drfine  tactique  lent  de 
type  BREVEL,  CRECERELLE,  SPERWER,  ... 

La  description,  les  performances  et  les 
caract6ristiques  du  d6monstrateur  ont  6t6  pr6sent6es 
dans  les  chapitres  4^8. 

Le  choix  d'une  antenne  Iat6rale  bi-mode  conforme 
permet  d  terme  une  integration  de  CRESUS  sur 
diff6rents  types  de  drones. 

Les  essais  en  vol  du  demonstrateur  auront  lieu  e  partir 
de  novembre  1997  sur  un  porteur  de  servitude 
(heiicopt6re  I6ger  Gazelle). 

Des  evolutions  sont  d'ores  et  dejS  prevues  sur  le 
demonstrateur.  La  plus  importante  conceme 
I'implantation  d'un  mode  SAR  h  trds  haute  resolution 
(classe  sub-metrique)  permettant  de  renforcer  la 
detection  des  cibles  fixes  isoiees  tout  en  rendant 
possible  leur  reconnaissance.  Les  travaux 
correspondants  ont  debute  par  une  simulation  (contrat 
DGA)  dont  I'objectif  principal  est  de  definir  la 
resolution  necessaire  pour  satisfaire  le  besoin. 

Cette  simulation  est  realisee  e  I'aide  de  I'outil  logiciel 
SARCM  d6velopp6  par  THOMSON-CSF.  Cet  outil 
permet  de  generer  des  donnees  brutes  conformes  aux 
caracteristiques  des  sous-ensembles  du  radar,  done 
representatives  de  celles  qui  seront  reellement 
acquises  par  le  radar.  La  validation  du  traitement  est 
effectu6e  sur  I'algorithme  SAR  qui  sera  reellement 
utilise  dans  le  segment  sol  de  CRESUS. 

Aprds  cette  phase  de  simulation,  les  travaux  se 
poursuivront  par  I'implantation  de  ce  mode  dans  le 
demonstrateur.  Cette  implantation  ne  necessitera 
qu'un  minimum  d'evolutions  du  materiel,  dans  la 
mesure  oCi  cette  evolution  a  ete  prise  en  compte  des 
la  conception. 

D'autre  part,  I'augmentation  de  la  portee  pouvant  dtre 
obtenue  par  I'augmentation  conjointe  de  la  dimension 
d'antenne  et  de  la  puissance  emise,  permettra  e 
CRESUS  de  satisfaire  le  besoin  operationnel  devolu 
aux  drones  MALE  (Moyenne  Altitude  -  Longue 
Endurance). 
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Layered  Fault  Tolerant  Architecture  to  Support  Context-Sensitive  Reasoning 
for  Lethal  Unmanned  Aerial  Vehicle  Application 
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1.  INTRODUCTION 

The  Johns  Hopkins  University  Applied  Physics  Laboratory 
(JHU/APL)  has  designed  a  processor  architecture  which  provides 
fault  tolerance  for  real-time  vehicle  applications  and  which  supports 
high-level  context-sensitive  reasoning.  The  design  employs  a 
layered  approach  combining  a  low-level  network  with  a  supervisory 
top-level  processor  architecture  to  provide  processing  power  to 
support  high-level  reasoning  and  embedded  control  of  subsystem 
functions.  This  dual-level  architecture  approach  supports  capabilities 
such  as  subsystem  status  reporting,  node  monitoring,  vehicle  diagno¬ 
sis,  reallocation  of  control  in  response  to  failures,  consistency  of 
data,  data  fusion,  and  synchronization  of  system  states.  In  addition 
to  the  processor  architecture,  a  software  architecture  was  defined  for 
lethal  Unmanned  Aerial  Vehicle  (UAV)  application  which  merges 
the  required  functionality  of  the  lethal  UAV  software  with  the 
capabilities  of  the  processor/communication  architecture  to  support 
improved  mission  effectiveness,  survivability,  and  vehicle  fault 
tolerance. 

The  layered  processor  architecture  was  designed  to  provide  fault- 
tolerant  distributed  processing  and  subsystem  communications  for 
autonomous  vehicle  application.  Several  alternatives  were  examined, 
and  the  resulting  design  considered  not  only  the  technical 
requirements/performance  but  also  constraints  such  as  cost,  size, 
weight,  commercial  availability,  flexibility,  and  adherence  to 
standards.  Salient  features  of  the  architecture  include:  distributed 
control,  distributed  data,  dynamic  reallocation  of  processes  to  recover 
from  hardware  and  software  failures,  communications  between 
subsystems  and  software  applications,  elimination  of  single  point 
failures,  and  isolation  of  the  vehicle  architecture  from  subsystem 
changes  (payload,  weapon,  communication,  etc.).  The 
communication  utilities  required  to  support  these  functions  were 
developed  and  tested.  The  utility  modules  include  the  following 
functions;  message  passing,  location  transparent  routing, 
node/application  monitoring,  node/application  recovery,  and  data 
distribution/validation.  These  functions  support  the  optimization  of 
processor  capabilities  and  graceful  degradation  of  the  vehicle’s 
reasoning  functions. 

Many  existing  systems  use  similar  utilities  including  manned  air 
vehicles  and  unmanned  underwater  vehicles  [UUV’s,  see  Reference 
(1)].  However,  fault  tolerance  is  very  closely  coupled  to  a  specific 
vehicle  design.  The  design  of  subsystem  communications  network 
architecture,  data  content/format,  processor  architecture, 
communications  utilities/protocol  features,  etc.  will  be  specific  to  an 
individual  vehicle  and  the  related  mission  and  requirements  (i.e.  a 
lethal  autonomous  vehicle  will  require  a  different  approach  and  level 
of  fault  tolerance  than  a  manned  vehicle).  Because  of  this  close 
coupling  between  a  specific  application  and  the  incorporation  of  fault 
tolerance,  it  can  be  difficult  to  integrate  fault  tolerant  features  into  an 
existing  design.  This  paper  concentrates  on  fault  tolerance  for  lethal 
UAV  application  and  applies  off-the-shelf  technology  in  a  flexible 
architecture  to  simplify  integration. 


The  defined  architecture  provides  a  capable  and  reliable  communication 
network  for  the  implementation  of  context-sensitive  reasoning. 

Functions  critical  to  lethal  UAV  effectiveness  such  as  sensor 
management,  vehicle  management,  weapon  management,  position 
monitoring,  maneuver  control,  and  mission  planning  can  all  be  based  on 
the  most  current  vehicle,  mission  and  subsystem  status.  Reliable 
subsystem  communications  provide  vehicle  and  sensor  data  to  a  high- 
level  processor  architecture  which  maintains  a  consistent  and  accurate 
data  store  on  which  reasoning  can  be  based.  This  data  can  be 
maintained  as  a  source  for  payload,  weapon  and  adaptive  vehicle 
management  decisions.  A  preliminary  architecture  identifying  the 
integration  of  lethal  UAV  software  functions  which  builds  on  the 
capabilities  of  the  proeessor/communication  network  is  addressed. 

2.  DESIGN 

The  selected  architecture  combines  aspects  of  more  than  one  approach, 
while  weighing  affordability  of  components,  flexibility,  availability, 
size/weight,  operating  efficiency,  and  added  system  complexity  against 
the  desirable  features  to  ensure  a  low-risk  and  practical  design  which  has 
significant  application  potential.  The  proposed  architecture  is  a  layered 
approach  using  both  Local  Area  (LAN)  and  Local  Operating  Networks 
(LON)  [see  Reference  (2)].  Dual  gateways  or  access  points  are 
established  between  the  networks  to  provide  for  message  passing  from 
one  network  type  to  another.  The  LAN  is  applied  between  capable 
processors  for  main  processing  functions  such  as  system  optimization, 
vehicle  control,  mission  planning,  and  fault  diagnosis/handling.  The 
embedded  processor  nodes  provide  processing  for  subsystem  control 
functions  (i.e.,  motor,  actuator,  sensors)  and  communication  between 
subsystems. 

The  high-level  processing  architecture  is  designed  to  distribute 
supervisory  functions,  support  context-sensitive  reasoning,  and  enhance 
processor  reliability  (an  excess  of  processing  power  which  can  be  used  in 
the  event  of  processor  failures).  Even  as  single-board  processor 
capabilities  expand,  system  reliability  requirements  necessitate  the  use  of 
multiple  hardware  components.  Since  many  autonomous  vehicle 
applications  have  critical  response  time  limitations  (specifically  UAVs), 
application  of  AI  techniques  to  meet  time  response  requirements  still 
requires  multiple  processors.  Given  additional  size,  weight  and  design 
complexity  factors,  optimization  of  onboard  processing  power  provides 
an  improvement  over  the  use  of  strictly  redundant  components. 

In  order  to  provide  graceful  degradation  of  system  performance  relative 
to  failure  of  processors  in  the  high-level  layer,  there  are  several 
communication  protocol  features  to  be  applied.  These  include: 
transparent  reallocation  of  software  applications,  routing  of  messages 
mapping  physical  to  logical  addresses,  node  diagnosis  to  determine 
processor  failures,  monitoring  network  for  communication  failures, 
centralized/distributed  data  to  support  restarts  and  reallocation  of 
applications,  and  message  passing  at  the  application  level.  Use  of  a 
standard  protocol  such  TCP/IP  which  is  also  available  for  bus 
communications  enables  the  application  of  this  architecture  using  both  a 
dual  LAN  or  a  single  LAN  and  VME  bus  running  TCP/IP.  Figure  I 
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shows  both  alternatives  with  dual  connections  to  nodes  which 
provide  access  to  the  subsystem  network. 

To  eliminate  single-point  failures,  there  must  be  multiple 
communication  links  with  multiple  network  access  for  each 
processor.  This  provides  unaffected  operations  in  the  event  of  a 
network  failure  or  a  network  interface  failure.  The  dual  network  is 
implemented  with  both  networks  being  aetive.  Identical  messages 
arc  broadcast  over  both  networks  such  that  switching  to  the  alternate 
network  docs  not  require  dynamic  reconfiguration  Message  passing 
over  the  network  will  support  not  only  application-specific 
interprocess  communications,  but  the  passing  of  application  variables 
necessary  to  restart  an  application  without  significant  loss  of  state 
The  periodicity  of  variable  pa.ssing  will  be  used  to  identify  tbc  status 
of  procc.ssor  nodes.  A  status  monitoring  utility  will  maintain  a  table 
of  communication  status  for  each  node.  Continual  polling  of  this 
will  identify  nodes  which  arc  not  maintaining  communications  For 
nodes  which  have  exceeded  the  expected  communication  threshold,  a 
status  query  will  be  initiated  to  verify  communication  failures,  with 
both  networks  being  monitored  for  response.  In  the  event  of  a 
failure,  recovery  procedures  will  be  initiated  For  a  communication 
link  failure,  a  mc.ssagc  will  be  sent  to  all  processor  communication 
software  to  identify  which  network  should  be  considered  as  primary 
for  retrieving  messages.  For  a  processor  failure,  the  applications 
which  were  allocated  to  that  processor  arc  restarted  on  the  remaining 
processor  with  the  most  available  CPU  time. 

The  subsystem  network  applied  was  based  on  a  commercially 
available  set  of  chips  which  provide  LON  features  supporting 
subsystem  status/control  message  passing,  direct  subsystem 
communications,  network  monitoring  and  reporting  [Reference  (2)]. 
The  neuron  chips  provide  both  processing  capabilities  for  subsystems 
and  off-the-shelf  communication  protocol  to  provide  subsystem 
networking.  The  integration  of  these  nodes  into  an  autonomous 
vehicle  can  include  using  them  as  embedded  controllers  witbin  the 
subsystem  (i.e.,  motor  controller)  or  the  use  of  the  nodes  solely  to 
provide  communication  capabilities  for  the  subsystem  The 
associated  communications  protocol  provides  reliable  message- 
passing  features  both  between  nodes  and  to  the  parent/supcrvisoiy 
processor  architecture.  Each  subsystem  includes  a  minimum  of  two 
nodes  to  provide  dual  access  to  the  network  to  minimize  impact  due 
to  a  node  failure.  A  self-healing  ring  configuration  [see  Figure  2  and 
Reference  (3)]  provides  for  recovery  from  any  single  communication 
link  failure,  A  similar  low  level  architecture  could  be  developed 
u.sing  embedded  controllers  with  custom  developed  communications 
protocol  software. 

In  keeping  with  maximizing  the  use  of  commercial  components, 
communication  between  the  LAN  and  subsystem  network  could  be 
either  through  a  commercially  available  gateway  or  through  the  use 
of  host-to-ncuron  chip  software  [see  Reference  (4)].  The  gateway 
listens  in  on  the  subsystem  network  activities  and  passes  network 
variables  onto  the  LAN,  Since  applying  one  gateway  would  instill  a 
single-point  failure,  the  architecture  contains  at  least  two  passage 
points  between  the  high  and  low  level  networks.  Use  of  dual 
gateways  needs  to  be  examined  to  develop  an  approach  for  either 
designating  one  active  at  a  time,  or  handing  the  redundancy  of 
message  passing  which  would  occur  by  having  them  both  active 
simultaneously. 

In  order  for  the  layered  processor  architecture  to  be  fault  tolerant, 
there  are  several  capabilities  which  need  to  be  provided  by  the 
communications  software.  In  order  to  recover  from  processor 
failures,  dynamic  reallocation  of  processes  is  required  To  recover 
from  network/  communication  failures  monitoring  of  the  message 
traffic  is  necessary  to  determine  network  status.  Software  failures 


can  cause  interruptions  in  the  processes  capability  to  respond  and 
therefore  a  warm  restart  capability  is  required  to  verify  the  necessity  to 
reallocate  an  application  to  another  physical  processor  There  arc  several 
more  specific  functions  ncccssaiy  to  support  these  primaiy’  capabilities 
including;  message  passing,  applieation  based  data  stores  containing 
restart  variables:  data  validation:  and  loeation  transp.irent  routing.  Sinee 
for  autonomous  vehicle  application  these  communication  capabilities  arc 
embedded  as  part  of  the  onboard  software,  the  implementation  has  been 
designed  to  minimize  impact  to  performance  This  section  provides  a 
detailed  deseription  of  the  communication  utilities  that  were  developed  to 
support  fault  tolerant  capabilities  for  distributed  processing.  Note  that 
these  utilities  are  not  limited  to  autonomous  vehicle  applieation  and  the 
implementation  is  based  on  standard  protocols  (TCP/IP,  UDP). 

Each  high-level  processing  node  in  the  architecture  will  have  resident 
communication  utilities  to  support  local  applic.ations.  Figure  3  outlines 
the  top-level  processes  and  corresponding  data  flow  necessary  to  support 
the  identified  capabilities  All  the  high-level  processors  in  the 
architecture  arc  connected  via  dual  LAN  connections  Messages  from 
subsystems  communicating  via  the  local  network  arc  passed  to  the  LAN 
through  dual  gatewas  s  The  gateway  captures  messages  from  the 
subsystem  network,  formats  them  appropriately  and  then  puts  the 
messages  onto  the  LAN.  Therefore,  messages  from  all  the  vehicle 
subsystems  and  LAN  messages  from  other  software  applications  arc 
available  to  the  communication  software  on  each  processor.  In  addition, 
the  message  queue  structure  supports  local  communications  between 
applications  resident  on  the  same  processor.  A  library  of  message 
passing  functions  previously  developed  at  JIIU/APL  were  applied.  This 
software  provided  routines  for  both  retrieving  messages  from  the 
network  and  obtaining  messages  from  applications  and  sending  them  out 
over  the  network  Messages  which  arc  brought  in  arc  put  into  specific 
message  queues  for  retrieval  by  application  software.  The  message 
passing  software  uses  TCP/IP  and  UDP  protocols  and  is  part  of  the 
functionality  of  the  router.  In  order  to  provide  dynamic  reallocation  of 
processes,  several  other  capabilities  were  added  to  support  the  routing 
functions  The  modules  which  comprise  the  communication  utilities 
including  the  router,  network  diagnosis,  network  recovery,  and 
application  interface  will  be  discussed  in  the  following  paragraphs. 

Since  proccsscs'applications  can  be  reallocated  dynamically  to  other 
physical  locations,  the  router  must  provide  transparent  message  routing 
by  maintaining  a  mapping  of  logical  to  physical  addresses  for  both  the 
high  and  low  level  networks  Since  each  application  is  expected  to 
broadcast  periodic  state  variables,  the  source  of  these  messages  can  be 
used  to  validate  the  actual  address  of  each  application  The  router  reads 
messages  from  the  network,  verifies  the  source  and  destination  and 
updates  the  address  table  as  required  sending  out  queries  to  resolve 
conflicts  Based  on  the  destination,  the  messages  arc  put  into  the 
appropriate  queues  where  they  arc  accessed  by  local  applications.  In 
addition  to  retrieving  messages,  the  router  accepts  output  messages  from 
the  applications,  applies  the  proper  physical  address  and  sends  it  over  the 
network  Each  subsystem  has  dual  nodes  for  subsystem  network  access 
with  both  active  such  that  a  failure  will  result  in  the  subsystem  switching 
to  the  data  from  the  alternate  node  for  processing  Single  subsystem 
network  connection  failures  arc  transp.arcnt  to  the  high-level  routing 
since  the  self-healing  ring  architecture  provides  alternate  access  for 
routing  messages 

Messages  for  the  communication  utilities  (i.e.  responses  and 
rcqucsls'qucrics)  are  available  through  the  same  message  passing 
routincs^quciics.  In  order  to  reallocate  processes  and  maintain 
communications,  a  process  is  required  which  continually  monitors 
processor  and  network  status  to  identify  the  necessity  for  reconfiguration. 
The  network  diagnosis  process  performs  these  functions  in  addition  to 
handling  state  variables  State  variables  arc  periodically  updated 
variables  sent  by  each  application  such  that  a  restart  performed  using 


Figure  1  High-Level  Processing  Architecture 
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these  values  will  continue  the  application  from  the  last  known  state. 
The  selection  of  state  variables  and  the  update  rate  is  specific  to  the 
application.  These  variables  are  broadcast  over  the  network  and  read 
by  each  of  the  processors  such  that  local  copies  can  be  maintained. 
Since  the  periodicity  of  the  state  variables  is  known,  it  can  be  used  to 
determine  the  proper  functioning  of  an  application  and  processor. 
State  variable  formats,  value  ranges  and  application  owners  are  used 
to  validate  the  data.  The  network  status  table  is  monitored  to 
determine  applications  which  have  not  provided  state  variables  at  the 
normal  rate.  This  event  initiates  a  status  request  message  which  will 
query  a  particular  application  concerning  its  status.  If  there  is  no 
response  the  application  is  assumed  to  have  failed  and  queries  are 
sent  to  the  other  applications  co-located  with  the  failed  application  to 
determine  if  it  is  an  application  software  error  or  a  processor  failure. 

After  diagnosis,  a  failure  message  is  provided  to  the  network 
recovery  process  for  handling.  If  it  is  just  an  application  failure,  a 
warm  restart  will  be  initiated  based  on  critical  variable  values  to 
attempt  to  restart  on  the  same  processor.  If  it  is  determined  to  be  a 
processor  failure,  then  the  applications  will  be  restarted  on  alternate 
processors.  Even  though  every  processor  is  running  a  network 
diagnosis  process,  only  the  processor  with  the  lowest  CPU  utilization 
will  be  responsible  for  initiating  recovery  procedures.  If  that 
processor  fails,  then  it  will  be  marked  as  inactive  and  the  remaining 
processor  with  the  lowest  CPU  utilization  will  take  over.  The  status 
of  the  processors  and  current  CPU  utilization  for  each  is  maintained 
as  part  of  the  network  status  table. 

3.  CONTEXT-SENSITIVE  REASONING  ARCHITECTURE 
FOR  LETHAL  UAV  APPLICATION 

The  layered  fault  tolerant  architecture  provides  a  capable  and  reliable 
communication  network  for  the  implementation  of  context-sensitive 
reasoning.  Functions  such  as  sensor  management,  vehicle 
management,  weapon  management,  position  monitoring/maneuver 
control,  and  mission  planning  can  all  be  based  on  the  most  current 
vehicle,  mission  and  subsystem  status.  The  processor  architecture 
integrated  into  an  air  vehicle  platform  provides  not  only  distributed 
processing,  network  communications  between  management  software 
and  subsystems,  and  processor  fault  tolerance,  but  also  improved 
mission  effectiveness.  The  architecture  applies  off-the-shelf 
technology  for  reliable  subsystem  communications  providing  both 
vehicle  subsystem  and  sensor  data  to  a  high-level  processor 
architecture  which  maintains  a  consistent  and  accurate  data  store  on 
which  reasoning  can  be  based.  The  vehicle  subsystem  and  sensor 
status  information  is  maintained  as  a  source  for  payload 
management,  and  adaptive  vehicle  management  decisions.  The 
design  approach  provides  enough  flexibility  to  support  integration 
with  any  selected  air  vehicle  platform.  The  extent  to  which  access  is 
provided  for  subsystem  and  payload  information  will  depend  on  the 
specific  sensors  and  the  ability  to  adapt  existing  sensor/subsystem 
interfaces. 

Figure  4  provides  a  conceptual  software  architecture  for  lethal  UAV 
management  functions.  The  reasoning  functions  will  take  advantage 
of  the  message  passing  process  and  communications  protocol 
provided  by  the  defined  architecture.  The  design  provides  software 
modules  with  direct  access  to  subsystem  and  sensor  information. 

The  subsystem,  sensor,  and  application  level  information  will  be 
collected  into  a  list  of  facts  which  trigger  the  firing  of  rules 
developed  using  an  embedded  rule-based  language.  This  approach 
would  provide  mission  decisions  based  on  a  defined  set  of  rules  and 
a  dynamic  set  of  facts  (vehicle  status,  sensor  data,  communication 
data,  current  mission  status,  etc.)  supporting  context-sensitive 
reasoning  and  repeatable  behavior. 


Real-time  on-board  mission  replanning  would  occur  in  response  to 
failures,  unexpected  environmental  conditions,  vehicle  safety  concerns 
(i.e.  collision  avoidance  responses,  new  airspace  constraints)  changes  in 
information  received  via  communications,  resource  limitations,  or 
target/activity  detection.  The  proposed  approach  includes  defining 
mission  events  which  trigger  on-board  replanning  and  specific  response 
classes  consistent  with  generic  UAV  capabilities.  Input  parameters  most 
relevant  to  mission  planning  are  to  be  identified  relative  to  a  specific 
mission  set  to  bound  the  variables  affecting  reasoning.  Since  it  is 
important  to  have  consistent  and  predictable  context-sensitive  planning,  a 
knowledge-based  approach  would  be  applied  to  support  intelligent 
mission  re-planning.  The  knowledge-based  mission  planner  would 
interface  with  a  path  planner/checker  to  provide  vehicle  navigation 
guidance  (intermediate  waypoints,  search  paths,  etc.),  validation,  and 
optimization  of  resources  within  identified  constraints. 

Mission  management  decisions  are  to  be  based  on  a  combined  set  of  data 
collected  from  messages  received  over  the  network.  Further  details  of 
mission  management  functions  are  depicted  in  Figure  5.  In  addition  to 
status  information  being  applied  for  fault  tolerance,  sensor  and 
subsystem  messages  would  be  combined  with  mission  information  and 
environmental  parameters  to  provide  a  consistent  tactical  picture  for 
optimizing  mission  effectiveness.  Data  sets  are  provided  which  contain  a 
library  of  missions  including  the  current  mission,  previously  validated 
alternate  missions,  and  an  emergency  mission.  This  supports  the  options 
of  both  autonomous  planning  to  produce  a  revised  mission  real-time,  or 
entry  of  predetermined  alternate  missions  to  be  provided  by  the  operator. 
Mission  constraints,  provided  in  the  initial  data  set,  identify  parameters 
such  as  airspace  constraints  and  vehicle  dynamic  limitations.  Rule-based 
systems  do  not  support  the  response  time  required  for  critical  air  vehicle 
situations  such  as  collision  avoidance  or  immediate  airspace  conflicts. 
Therefore,  a  maneuver  manager  is  defined  which  would  be  implemented 
to  optimize  response  time  for  providing  an  evasive  maneuver  for  critical 
situations.  The  current  vehicle  position  is  continually  provided  and  any 
requirement  to  evade  is  provided  by  the  mission  manager  based  on 
subsystem  data  or  updated  commands  received  via  the  datalink. 

Situations  which  may  trigger  an  evasive  action  could  include 
identification  of  air  contacts,  unexpected  terrain  limitations  on  vehicle 
flight  or  LOS  communications,  unexpected  changes  in  airspace,  etc.  This 
module  would  also  provide  the  maneuvers  under  emergency  conditions 
which  would  lead  the  vehicle  from  its  current  position  into  the 
preplanned  emergency  mission. 

Sensor  management  functions  include  cueing  sensors  based  on  static 
(part  of  initial  mission  data)  or  dynamic  target  information  (target/change 
detection).  Target  information  stored  as  part  of  the  mission  data  and  new 
target  information  stored  as  updates  to  the  fact  list  (from  onboard 
target/change  recognition  software  or  communications  from  the  ground 
control)  will  trigger  sensor  management  rules  resulting  in  updated  sensor 
commands  (i.e.  camera  selection,  field  of  view,  zoom  factor,  pointing 
angles,  etc.).  The  status  of  sensors  can  be  monitored  via  messages,  and 
compensating  behaviors  identified  for  any  sensor  related  failures.  Since 
the  architecture  supports  direct  subsystem  communications,  a  mode 
would  be  available  (which  could  be  enabled/disabled  by  the  sensor 
management  software)  to  provide  direct  cueing  between  sensors.  For 
example,  the  optical  sensor  and  associated  image  processing  software 
could  indicate  that  an  image  has  changed  from  a  previous  image  or  that  a 
target  has  been  identified.  This  would  then  prompt  that  sensor  to  send 
the  target/area  location  over  the  local  network  to  cue  other  active  sensors. 
Another  key  aspect  of  sensor  management  is  controlling  the  data  being 
sent  over  the  datalink  to  the  ground  control  station.  There  are  many 
factors  which  would  influence  this  decision  such  as  datalink  availability 
(i.e.  LOS  vs  SATCOM),  environmental  parameters  (clouds,  rain,  light), 
image  quality,  target  location,  and  previously  sent  data.  These 
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Figure  4  Software  Architecture 
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parameters  are  similar  to  those  used  to  decide  which  camera(s) 
should  be  active. 

Vehicle  management  functions  include  fault  diagnosis/handling, 
vehicle  position  monitoring,  resource  monitoring  and  waypoint/task 
tracking.  Fault  diagnosis  and  fault  handling  (recommendation  of 
fault  compensating  behaviors  to  the  vehicle  control  software)  are 
vehicle  dependent  functions  based  on  the  vehicle  configuration  (i.e., 
subsystem  redundancy,  mission  critical  functions,  emergency 
recovery  actions,  etc.).  Vehicle  management  also  includes  the 
monitoring  of  the  vehicle  resources.  Both  fuel  and  time  usage  need 
to  be  monitored  and  compared  to  expected  values  to  complete  the 
mission.  Any  discrepancies  which  would  impact  the  ability  to 
complete  the  mission  with  sufficient  reserves  would  trigger  a  mission 
replan  (potential  replans  would  include  dropping  lower  priority 
waypoints/targets).  For  vehicle  position  monitoring,  the  current 
position  compared  to  airspace  constraints,  mission  constraints,  terrain 
restrictions,  and  any  known  air  traffic  corridors  provides  indication 
of  required  actions.  Any  vehicle  movement  into  restricted  areas 
would  result  in  an  evade  indicator  which  would  prompt  immediate 
action  by  maneuver  planning  software  to  position  the  vehicle  back  in 
the  desired  corridor  to  the  next  waypoint. 

Monitoring  of  the  mission  progress  is  required  to  verify  that  the 
mission  is  proceeding  according  to  plan.  This  function  would 
include  the  monitoring  of  waypoint  completion  (based  on  vehicle 
position)  including  all  characteristics  and  tasks  typically  linked  to  the 
waypoint  definition  (i.e.,  altitude,  loiter  pattern/area,  communication 
tasks,  payload  configuration,  etc.).  The  current  mission  definition 
compared  to  status  information  received  from  the  vehicle  subsystem 
and  sensors  provides  an  indicator  of  mission  progress. 

In  order  to  have  a  consistent  set  of  facts  to  support  the  reasoning 
process,  messages  need  to  be  collected,  combined  and  verified.  The 
architecture  provides  message  passing  from  the  subsystems/  sensors 
direetly  to  the  application  level  software.  An  existing  message 
passing  protocol  supports  the  collection  of  messages  by  each 
processor  into  message  queues  which  are  accessed  by  specific 
applications.  One  application  is  required  to  bring  in  the  subsystem 
data  for  maintaining  the  dynamic  set  of  facts  on  which  reasoning 
functions  are  based.  This  data  collection/verification  utility  is 
required  for  the  collection  of  data  into  a  single  consistent  set  of  facts 
to  support  the  reasoning  funetions.  This  utility  could  be  customized 
for  the  management  software  and  vehicle  specific  requirements  or 
eould  be  applied  solely  against  a  database  of  formats  and  ranges  with 
data  output  to  defined  tables.  Speeific  data  consolidation  functions 
can  be  established  as  messages  and  processing  of  data  are  defined. 


4.  SUMMARY 

This  paper  provides  a  description  of  communication  utilities 
implemented  to  support  fault  tolerant  features  for  a  layered  processor 
architecture.  The  defined  software  modules  used  existing  message 
passing  software  based  on  TCP/IP,  UDP  protocols.  The  prototype 
software  was  tested  to  verify  the  routing,  network  diagnosis,  and  network 
recovery  functions.  Message  traffic  was  monitored  and  after  inducing  a 
failure,  the  application  was  restarted  without  loss  of  state.  The  capability 
provided  by  these  software  modules  can  be  readily  applied  with  the 
definition  of  application  specific  messages  and  state  variables. 

The  layered  processor  architecture  and  associated  communication 
utilities  were  developed  to  provide  a  basis  for  improved  autonomous 
vehicle  performance.  It  supports  this  goal  by  providing  graceful 
degradation  due  to  processor  failures,  optimization  of  onboard 
processing  capability,  subsystem  communications,  data  collection  and 
validation  of  subsystem  data  to  support  context-sensitive  reasoning, 
elimination  of  single  point  failures  in  the  processor  and  communications 
architecture,  and  isolation  of  high-level  processing  functions  from 
payload  integration  specifics. 

A  candidate  software  architecture  for  lethal  UAV  reasoning  functions  has 
been  provided  to  establish  the  benefits  of  an  integrated  design  approach. 
This  software  architecture  supports  all  key  reasoning  functions  including; 
sensor  management,  weapon  management,  vehicle  control,  fault 
handling,  target  identification,  target  localization,  maneuver  control  and 
mission  replanning.  The  indicated  data  flows  in  the  figures  provided 
identify  interaction  between  these  functions  and  subsystems.  The 
defined  software  architecture  for  lethal  UAV  application  builds  on  the 
layered  processor  architecture’s  key  features  to  enhance  the  vehicle’s 
mission  effectiveness  and  survivability. 

5.  REFERENCES 

(1)  Hess,  D.K.  Safford,  D.R.,  Pooch,  U.W.,  and  Williams,  G.N., 

“FTMP:  A  Protocol  for  Distributed  Fault  Tolerant  Operating  System 
Services”,  in  “Proceedings  of  the  1992  Symposium  on  Autonomous 
Underwater  Vehicle  Technology”,  1992. 

(2)  “LonTalk  Protocol”,  LonWorks  Engineering  Bulletin,  Echelon 
Corporation,  April  1993. 

(3)  “LonWorks  Self-Healing  Ring  Architecture”,  LonWorks 
Engineering  Bulletin,  Echelon  Corporation,  January  1995. 

(4)  “Parallel  I/O  Interface  to  the  Neuron  Chip”,  LonWorks  Engineering 
Bulletin,  Echelon  Corporation,  January  1995 


25-1 


Image  Data  Management  for  Tactical  Unmanned  Airborne  Surveillance 


Michael  R.  Davenport  Hans  Wehn  Ian  Burke 

email:  mrd@mda.ca  email:  hw@mda.ca  email;  burke@mda.ca 


MacDonald  Dettwiler  and  Associates 
13800  Commerce  Parkway 
Richmond,  B.C.,  Canada,  V6V  2J3 


1  SUMMARY 

This  paper  examines  how  more  information  and  better 
information  can  be  extracted  from  UAV  data  streams,  and  how 
that  information  can  be  presented  to  operators  in  the  most 
effective  manner  possible.  It  examines  the  role  of  data 
management  in  all  three  phases  of  tactical  reconnaissance: 
mission  planning,  mission  execution,  and  post-mission 
analysis.  It  then  describes  some  newly-developed  tools  for 
precisely  positioning  each  pixel,  fusing  multiple  images, 
extracting  new  information,  and  providing  an  accessible 
archive  of  that  information.  When  implemented  successfully, 
such  a  data  management  system  can  substantially  increase  the 
operational  value  of  existing  UAVs. 

2  INTRODUCTION 

A  number  of  NATO  forces  are  developing  Unmanned  Aerial 
Vehicles  (UAVs)  for  Reconnaissance,  Surveillance,  Target 
Acquisition  and  Battle  Damage  Assessment  missions.  The 
UAVs  can  be  used  in  both  battlefield  and  peacekeeping 
situations  to  provide  critical  information  about  over-the-hill  or 
over-the-horizon  enemy  activities.  Tactical  UAVs  will  form  an 
important  part  of  future  NATO  equipment,  largely  because  they 
are  “characterized  by  affordability,  effectiveness,  efficiency, 
versatility,  and  unity  of  effort”  [9]. 

As  UAV  technology  matures,  however,  attention  is  shifting 
from  the  shear  problem  of  acquiring  the  data  (e.g.  avionics, 
controls  and  communications)  to  look  at  ways  of  optimizing  the 
value  of  the  data  that  has  been  collected.  This  is  a  high-leverage 
activity  —  it  is  not  difficult  to  imagine  how  software  systems 
could  double  the  value  of  UAV  information  at  very  little 
operational  cost,  simply  by  smart  data  management. 


2.1  Challenges  of  UAV  Data  Management 

Some  of  the  specific  challenges  associated  with  data 
management  of  UAV  data  streams  are: 

•  limited  context:  payload  operators  often  have  very  limited 
context  information  (e.g.  no  peripheral  vision)  about  the 
incoming  image  stream; 

•  high  volumes:  video  or  SAR  data  streams,  integrated  over 
the  duration  of  an  extended  mission,  become  very  high 
volumes  of  archived  data. 

•  varying  conditions:  the  ground-resolution,  viewing  angle 
and  lighting  conditions  of  UAV  images  vary  widely  from 
mission  to  mission,  and  even  within  one  mission,  present¬ 
ing  obstacles  for  automated  information  extraction  and 
data  fusion  algorithms; 

•  real-time  requirements:  some  tactical  situations  demand 
real-time  data  management,  but  the  amount  of  real-time 
support  is  limited  by  current  computational  power. 

UAV  systems  with  “baseline”  capability  deliver  a  real-time 
view  of  the  incoming  data  but  provide  little  or  no  data 
management  capabilities.  The  current  research  focuses  on 
developing  new  tools  to  link  the  Payload  and  UAV  operators 
with  archives  of  previous  and  peripheral  information,  as  shown 
in  Figure  1. 

2.2  Research  Context 

The  research  and  development  reported  here  was  done  in  a 
number  of  contexts,  some  that  are  specifically  for  UAVs,  and 
others  that  are  for  airborne  and  spacebome  data,  MacDonald 
Dettwiler  is  working  with  Bombardier,  for  example,  in  the 


Figure  1 :  Good  management  of  image  data  is  essential  for  efficient  and  effective  use  of  UAVs,  and  for  the  integration  of 
UAV  data  into  iarger  systems  in  support  of  operational  requirements.  The  current  research  has  developed  tools  to  generate 
indexed  archives  of  images  and  peripheral  information,  and  to  use  those  archives  for  Mission  Planning,  Real-Time  Analysis 

of  the  Data,  and  Post-Mission  Analysis  of  the  Data. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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development  of  data  management  capabilities  for  their  UAV 
programs.  That  work  includes  the  development  of  a  Baseline 
Ground  Control  Station  for  the  CL-327  Vertical  Takeoff  and 
Landing  (VTOL)  UAV  [12], 

Data  Fusion  research,  including  the  development  of  the 
Hyperlens  (Section  4.5)  and  the  web  browser  (Section  5.4),  was 
done  by  MacDonald  Dettwiler  in  cooperation  with  Canadian 
defense  laboratories  in  Ottawa  and  Valcarticr  and  with  the  joint 
Directorate  of  Imagery  Exploitation.  Change  detection 
(Section  5.2),  radiometric  calibration  (Section  4.3),  gcocoding 
(Section  4.1)  and  mosaicking  (Section  4.4)  were  developed 
under  contract  to  the  US  Government  Spectral  Information 
Technology  Applications  Center  (SITAC),  formerly 
DLPO[13]. 

All  of  these  research  initiatives  shared  the  common  goals  of 
increasing  the  operational  value  of  remotely  sensed  imagery 
and  maximizing  the  effectiveness  of  the  human  operators.  This 
is  done  by:  removing  from  them  all  the  repetitive  ta.sks  that 
computers  do  very  well  and  providing  them  with  intuitive  and 
efficient  tools  for  doing  the  tasks  that  only  humans  can  do  well 

3  MISSION  PLANNING  AND  PREPARATION 

Research  is  being  done  to  give  UAV  Mission  Planners 
improved  access  to  images  and  related  information  that  they  can 
use  to  make  more  informed  route  plans  and  target  designations. 
Maps  will  still  be  the  most  important  planning  aids  but  they  will 
be  supplemented  by: 

•  archival  imagery  (e.g  from  satellites): 


•  data  from  previous  flights: 

•  annotations  by  previous  mission  planners;  and 

•  hyperlinks  to  associated  information  pages. 

The  intention  here  is  to  give  Planners  the  option  of  super¬ 
imposing  background  images  or  icons  onto  the  base  maps, 
thereby  allowing  them  to.  for  example: 

•  find  locations  where  the  maps  arc  out  of  date  by  comparing 
them  to  low-cost  commercial  satellite  images,  as  illustrated 
in  Figure  2; 

•  review  the  previous  UAV  coverage  to  determine  gaps  in 
the  data  and  locations  where  information  is  outdated; 

•  arrange  for  a  new  mission  to  view  a  site  at  the  same  angle 
as  a  previous  mission,  so  that  the  two  views  can  be  more 
easily  analysed  u.sing  automated  change  detection 
algorithms; 

•  click  on  an  icon  to  bring  up  a  page  of  notes  written  by 
previous  analysts  or  planners,  using  hyperlink  technology 
described  in  Section  5.4. 

The  purpose  of  the  new  tools  is  to  help  Mission  Planners  make 
better  decisions  about  targets,  view  angles,  and  transit  routes  for 
the  vehicles.  Planners  that  arc  newly  assigned  to  a  zone  can 
benefit  from  their  predecessors  experience  by  reading  their 
annotations  and  noting  previous  missions.  Plans  can  then  be 
made  not  only  within  the  geographical  and  tactical  context,  but 
also  within  the  context  of  previous  missions.  Ultimately,  this 
will  result  in  better  allocation  of  resources  —  the  UAVs  will  go 
where  they  arc  needed  most. 


Figure  2:  New  tools  can  help  Mission  Planners  by  using  archival  data  to  reveal  places  where  maps  are  out  of  date,  or  where 
recent  changes  have  been  made.  In  this  example,  a  SPOT  image  (b)  reveals  new  developments  along  a  lake  shore  that  are 
not  shown  on  the  map  (a).  Mission  Planners  might  choose  to  investigate  further  by  routing  a  UAV  over  the  site  The  tool 
being  used  here  is  a  “Hyperlens",  as  described  in  Section  4.5.2. 


25-3 


4  CONTEXTUALIZATION  OF  REAL-TIME  DATA 

One  challenge  in  operating  UAVs  is  the  lack  of  context 
information  easily  accessible  to  the  payload  and  vehicle 
operators.  The  payload  operator,  for  example,  is  looking 
“through  a  soda  straw”,  with  no  peripheral  vision,  at  what  may 
be  a  very  small  patch  of  ground.  Context  is  usually  gained  by 
zooming  back  to  the  context  of  a  wide-angle  view,  and  then 
zooming  in  again  to  see  details.  Context  and  details  are  usually 
not  accessible  at  the  same  time. 

A  number  of  tools  have  been  developed  to  help  place  incoming 
information  into  context: 

•  geocoding  &  geocorrection  tools  that  incorporate  UAV 
dynamical  models  (Section  4.1) 

•  coregistration  tools  for  optical  and  SAR  data  (Section  4.2) 

•  an  automated  mosaicking  tool  (Section  4.4) 

•  a  radiometric  calibration  tool  (Section  4.3) 

•  tools  for  simultaneous  viewing  of  images  (Section  4.5) 

4.1  Geocoding  &  Ceocorrection 

The  first  step  in  putting  incoming  information  in  context  is  to 
calculate,  as  exactly  as  possible,  where  the  information  came 
from.  Geocoding  is  the  process  of  finding  the  location  of  each 
image  pixel  on  the  surface  of  the  earth  [15].  Geocorrection  is 
the  resampling  of  an  image  to  a  known  map  grid. 

The  success  of  the  geocoding  process  entirely  depends  on  the 
quality  of  available  information  about  the  UAV  and  the  sensor. 
The  most  sophisticated  geocoding  algorithms  use  data  and 
parameters  such  as  the  following: 

•  UAV  motion  telemetry:  time,  GPS  location,  roll,  pitch, 
yaw,  and  heading; 

•  payload  instrumentation:  azimuth,  elevation,  and  zoom  of 
the  camera; 

•  dynamic  properties  of  the  UAV:  moments  of  inertia, 
airspeed,  control  surfaces,  and  natural  frequencies; 

These  values  are  incorporated  into  a  Kalman  filter  to  estimate, 
at  each  moment,  the  exact  location  and  orientation  of  the  UAV 
and  its  sensors.  The  Kalman  filter  uses  a  rigorous  model  of  the 
UAV  trajectory,  payload  dynamics,  and  instrumentation  noise 
to  estimate  the  sensor  motion,  based  on  incomplete  or 


inconsistent  information  from  the  UAV  telemetry,  as  sketched 
in  Figure  2.  Information  taken  from  different  sources  is 
properly  weighted  so  that  the  estimates  are  statistically 
accurate . 

Geocoding  to  accuracies  of  a  few  pixels  or  less  usually  requires 
ground  control  points  (GCPs).  Each  GCP  provides  a  precise  and 
reliable  alignment  between  the  incoming  image  data  and  a  map 
or  latitude/longitude  grid.  Once  a  few  GCPs  have  been 
established,  Kalman  filters  can  interpolate  the  motion  of  the 
sensors  between  them.  When  GCPs  are  not  available,  such  as 
for  UAV  flights  over  water,  the  absolute  error  in  the  geocoding 
will  only  be  as  good  as  the  accumulated  errors  in  all  the 
telemetry  data. 

GCPs  may  be  manually  entered  or  automatically  estimated.  The 
Payload  Operator,  for  example,  may  note  a  road  intersection  in 
the  video  data  and  identify  it  with  an  intersection  that  is  marked 
on  the  map,  thus  establishing  a  tie  point.  In  some  cases, 
incoming  imagery  can  be  automatically  coregistered  to 
archived  imagery  or  maps,  using  the  algorithms  discussed  in 
Section  4.2.  When  that  is  possible,  the  geocoding  process  can 
achieve  the  best  possible  accuracy,  without  requiring  regular 
operator  intervention. 

4.2  Coregistration 

The  geocoding  and  geocorrection  tool  cannot,  in  most  cases, 
find  the  location  of  each  pixel  in  an  image  to  sub-pixel 
accuracy.  This  means  that  when  two  geocoded  images  are 
spliced  together,  or  viewed  simultaneously,  they  will  seldom 
match.  There  are  a  number  of  applications,  such  as  change 
detection  and  mosaicking,  where  this  would  be  a  problem.  The 
problem  can  be  avoided  by  coregistering  the  two  images  to 
subpixel  accuracy  and  thus  achieving  relative  positional 
accuracy  that  is  much  better  than  the  absolute  accuracy. 

4.2.1  Coregistering  Optical  Images 
A  new  fully-automated  coregistration  tool  for  coregistering  two 
optical  images  has  recently  been  developed  and  tested,  and  is 
now  in  use  by  a  number  of  customer  agencies  [14].  The  high 
level  of  automation  of  the  tool  makes  it  particularly  useful  for 
large  data  streams  where  manual  tie  point  extraction  would  be 
unacceptably  expensive.  An  excellent  example  of  such  a  data 
stream  is  the  video  signal  from  a  UAV. 


Figure  3:  Precision  geocoding  of  UAV  data  is  based  on  a  Kalman  filter  that  incorporates  a  detailed  model  of  the  aircraft 
trajectory  and  dynamics,  and  the  Payload  motion.  This  simplified  block  diagram  shows  how  the  Kalman  filter  modifies  its 
estimate  of  the  state  of  the  UAV  and  the  Payload  in  order  to  best  explain  the  measurements  reported  by  all  the  sensors. 
Much  of  the  challenge  of  geocoding  lies  in  designing  appropriate  sensor  and  UAV  models  and  Kalman  gain. 
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The  automated  algorithm  used  by  the  new  too!  can  be 
summarized  as  follows: 

1.  it  is  assumed  that  the  images  have  been  gcocoded  to 
establish  a  best  estimate  of  the  pixel  locations,  and  that  the 
two  images  have  been  found  to  overlap; 

2.  small  patches  (10x10  up  to  30x30)  are  selected  from  the 
overlapped  zone  in  one  image  and  moved  around  the 
matching  zone  in  the  second  image: 

3.  the  correlation  between  the  images  is  calculated  at  each 
shifted  location,  for  each  patch; 

4.  the  shape  of  the  correlation  surface  is  analysed.  Surfaces 
with  low  peaks,  multiple  peaks,  or  with  spatial  anisotropies 
arc  rejected; 

5.  the  correlation  is  re-calculated  at  progressively  finer 
scales,  to  avoid  ambiguities  and  speed  up  the  search; 

6.  once  a  set  of  candidate  tic  points  have  been  extracted,  a 
Kalman  filter  is  used  to  determine  whether  the  selected  tic 
points  make  sense  from  the  point  of  view  of  sensor  and 
UAV  dynamics.  Tic  points  that  do  not  make  sense  arc 
rejected. 

4.2.2  Coreghtering  Opiical  and  SAR  Image.': 

Coregistration  of  SAR  and  optical  data  is  somewhat  more 
difficult  than  corcgistcring  optical  data  with  other  optical  data 
One  problem  is  the  very  different  radiometrics  of  the  two  types 
of  image;  an  object  that  is  darker  in  an  optical  image  may  be 
darker  or  lighter  in  a  SAR  image.  That  problem,  together  with 
the  large  amounts  of  speckle  in  most  SAR  images,  means  that 
the  images  cannot  be  correlated  in  the  standard  way. 

An  alternative  approach  has  been  developed  which  is  similar  to 
that  in  4.2.1,  but  uses  a  very  different  statistical  measure  to  find 
the  correlation  peak  [7][8].  Steps  2  and  3  arc  replaced  with; 

2.  con.struct  templates  that  have  the  same  shape  as  high- 
contrast  shapes  in  the  optical  image  and  move  the  template 
around  in  the  SAR  image,  as  shown  in  Figure  4; 


3.  calculate,  at  each  point,  a  statistical  estimate  of  the 
homogeneity  of  the  SAR  image  inside  and  outside  the 
template,  as  described  in  [7],  and  use  that  as  a  measure  of 
the  correlation; 

Work  remains  to  be  done  in  automatically  extracting  templates 
from  the  optical  images,  so  this  tool  is  not  yet  fully  automated 

4.3  Radiometric  Calibration 

Visual  imagery  is  often  partially  obscured  or  discolored  by 
atmospheric  effects  such  as  haze,  smoke,  absorbtion,  or  back- 
scattering.  The  goal  of  radiometric  calibration  algorithms  is  to 
modify  the  color  of  an  image  so  that  it  looks,  as  much  as 
possible,  as  it  would  if  the  sensor  was  ideal  and  there  was  no  air 
between  the  landscape  and  the  sensor.  This  cannot,  in  general, 
be  achieved  precisely  unless  radiometric  control  points  (places 
on  the  ground  with  well-known  spectra)  arc  available. 

A  semi-automated  radiometric  calibration  tool  has  been 
developed  that  significantly  improves  the  spectral  quality  of 
UAV  video  images.  The  tool  works  as  follows: 

1 .  an  operator  identifies  three  or  four  known  land-cover  types 
in  the  video  stream,  such  as  grass,  asphalt,  or  concrete; 

2.  the  tool  compares  these  samples  with  a  library  of  known 
spectra  and  calculates  an  optimal  affine  transform  for  the 
spectral  bands  so  that  the  modified  spectra  match  the 
exemplars.  This  process  corrects  for  both  atmospheric  and 
sensor  calibration  errors  at  the  same  time; 

3.  the  affine  transform  is  then  applied  to  all  pixels  in  the 
current  frame; 

4.  a  radiometric  tie-point  is  established  in  a  small  window 
around  each  geometric  tic  point  and  is  used  to  transfer  the 
information  between  overlapping  frames.  As  a  result,  the 
correction  propagates  along  the  image  sequence  from  the 
frame  that  holds  the  exemplars. 

This  method  is  inexact  insofaras  it  relics  on  the  operator  finding 
pixels  on  the  ground  that  closely  correspond  to  the  exemplars  in 
the  spectral  library',  when  the  operator  has  no  way  of  confirming 


Figure  4;  When  coregisfering  a  SAR  image  to  an  optical  image,  standard  correlation  calculations  fail.  A  new  method  has 
been  developed  in  which  a  template  (b)  is  extracted  from  the  optical  image(a),  and  then  moved  around  the  SAR  image  (c). 
At  each  point,  the  speckle  statistics  inside  the  template  are  compared  to  those  outside  and  those  on  the  boundary,  to 
generate  a  statistical  estimate  of  the  match  at  each  point  (d). 
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Figure  5:  A  radiometric  calibration  tool  has  been  developed  that  corrects  spectral  errors  caused  by  atmospheric  scattering 
or  absorbtion,  as  well  as  by  sensor  or  processing  errors.  The  operator  finds  pixels  of  known  identity  in  the  source  image  (a), 
and  the  algorithm  modifies  the  spectrum  in  (b)  to  match  spectral  library  entries  for  those  substances. 


the  identity  of  the  ground  pixels.  In  practice,  however,  the 
method  produces  images  with  spectra  that  arc  significantly 
more  correct  than  the  source  images  and  it  has  the  advantage  of 
working,  if  necessary,  when  no  radiometric  control  points  are 
available.  Figure  2  illustrates  how  the  clarity  of  an  image  can  be 
improved  by  this  form  of  atmospheric  correction. 

4.4  Mosaicking  Sequential  Images 

Viewers  are  helped  in  the  interpretation  of  video  image 
sequences  by  the  way  that  each  frame  exists  in  the  context  of 
surrounding  frames.  When  a  single  frame  is  extracted,  however, 
much  of  the  context  is  lost.  Mosaicking  combines  a  sequence  of 
images  so  that  all  the  context  information  is  visible  in  a  single 
(larger)  image.  This  also  has  the  advantage  of  removing 
redundant  information  because  only  one  version  of  the 
overlapping  parts  of  the  scene  arc  presented. 

A  fully-automated  tool  has  been  developed  [15]  for  mosaicking 
image  sequences  such  as  those  transmitted  by  UAVs.  Figure  2 
shows  a  mosaic  produced  from  Predator  UAV  video  data  [  1  ]  by 
the  tool.  The  tool  works  in  the  following  way: 

1.  it  finds  geometric  tie  points  where  the  frames  overlap, 
using  the  coregistration  tool  described  in  4.2. 1 ; 

2.  the  operator  identifies  a  set  of  known  materials  in  the  first 
patch,  and  the  software  creates  a  set  of  radiometric  control 
points  for  absolute  calibration; 

3.  it  resamples  the  newly-added  frame  to  the  grid  of  the  pre- 
integrated  frame,  using  the  geometric  tie  points; 

4.  it  uses  a  least-squares  algorithm  to  select  a  spectral 
correction  that  matches  the  spectra  at  identified 
“radiometric  tie  points”  in  the  overlapping  region, 

5.  if  necessary,  it  applies  a  spectral  “correction  kcmcl"  to 
every  frame  to  accommodate  spatial  variations  in 
brightness  (due.  for  example,  to  systematic  variations  in 
the  bidirectional  reflection  distribution  function  or  “brdf). 

A  similar  mosaicking  capability  has  been  demonstrated  by  the 
Sarnoff  labs  using  data  from  an  Unmanned  Ground  Vehicle  |4|. 


4.5  Co-Display 

Mosaicking  doesn’t  work  for  images  that  have  significantly 
different  content.  It  would  not  be  useful,  for  example,  to  form  a 
mosaic  using  a  topographic  map,  a  video  image  frame,  and  a 
SAR  image,  because  the  information  in  the  overlap  areas  is 
complementary  rather  than  redundant.  Yet  there  is  clear  value 
in  viewing  a  SAR  image  in  the  context  of  an  underlying  map. 

One  solution  is  to  co-display  the  images,  so  that  they  maintain 
their  individual  identities  while  being  viewed  in  context.  Two 
approaches  to  co-displaying  were  prototyped  and  evaluated,  as 
discussed  below. 

4.5. 1  Co-Moving  Cursors 

The  co-moving  cursor  approach  displays  two  or  more  images 
side  by  side  with  co-moving  cursors  under  the  operator's 
control.  If  a  SAR  image  and  a  video  .sequence  arc  co-displayed 
in  this  way,  for  example,  then  the  operator  can  point  to  a  feature 
in  the  SAR  image,  and  look  on  the  video  to  find  the 
corresponding  point.  The  SAR  image  is  thus  being  interpreted 
in  the  context  of  the  video  image. 

Figure  7  shows  an  example  u.sc  of  co-moving  cursors  in  a 
change  detection  application.  The  two  lower  windows  show  the 
two  .source  images  with  detected  changes  overlaid.  The  .small 
upper  windows  show  details  of  the  cursor  vicinity.  The  operator 
can  use  the  co-moving  cursors  to  relate  features  in  the  .source 
images  to  each  other,  and  to  the  detailed  views.  In  this  example, 
the  images  have  all  been  corcgistcrcd  and  resampled  to  a 
common  grid, 

Co-moving  cursors  can  also  be  used  for  .sets  of  images  that  have 
very  different  projections.  Consider  the  example  of  two  images 
of  a  common  scene,  in  which  one  view  is  from  nadir  and  the 
other  is  oblique.  In  order  to  coordinate  the  cursors,  a 
homcomorphism  must  be  established  between  the  two  scenes. 
Generally  this  will  take  the  form  of  look-up  tables  that  arc  the 
.same  size  as  the  images  and  that  arc  derived  from  a  digital 
elevation  model  and  view-angle  parameters. 
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(a)  Example  frames  from  the  original  video  sequence 


(b)  Sketch  of  the  frame  locations  and  mosaic  sub- sections 


(d)  two  sub  sections  of  the  final  mosaicked  scene 


Figure  6:  Video  frames  are  normally  viewed  as  a  time  sequence,  so  tha*  each  frame  in  undo'-stood  in  the  context  of 
previous  and  subsequent  frames.  To  provide  the  same  context  for  a  stahc  image  an  automamd  tool  has  been  developed 
that  mosaicks  the  frames  together.  This  exarnple  is  from  a  video  sequence  showing  dug  in  armour  that  was  acquired  by 

the  Predator  UAV  in  Bosnia  in  1995  [1] 
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Figure  7:  One  example  of  co-moving  cursors  is  the  “Hawkeye”  change  detection  application.  The  two  large  windows  show 
the  same  scene,  taken  at  different  times,  with  close-ups  shown  in  the  small  windows.  The  operator  can  move  all  four  cursors 
together  to  get  before  and  after  information  about  a  specific  pixel.  The  co-moving  cursors  are  one  method  for  interpreting 
each  image  in  the  context  of  the  other  image.  These  video  frames  were  taken  in  Bosnia  by  the  Predator  UAV  [1]. 


4.5.2  Hyperlenses 

Another  method  for  co-viewing  two  imagc.s  is  to  use  a 
“hypcrlcns”.  which  is  a  square  window  overlaid  onto  an  image, 
through  which  a  different  image  can  be  seen,  precisely 
coregistered  to  the  foreground  image.  An  operator  can  move  or 
resize  each  hypcrlcns  in  real  lime  to  sec  different  parts  of  the 
underlying  image.  The  two  images  remain  coregistered  at  all 
times.  Hypcrlcnscs  arc  based  on  “Magic  Lenses"  developed  at 
Xerox  Park  12). 

The  real  power  of  hypcrlcnscs  stems  from  their  dynamic  nature, 
so  their  behaviour  cannot  be  fully  illustrated  by  static  images.  In 
Figure  X,  for  example,  a  hypcrlcns  is  shown  in  two  positions, 
both  on  and  off  a  target.  When  the  hypcrlcns  is  off  the  target,  the 
target  is  invisible  behind  camoullagc.  When  the  hypcrlcns  is 
moved  over  the  target,  it  shows  up  as  a  bright  spot  in  the 
underlying  SAR  image.  An  analyst  would  correctly  interpret  this 
as  a  possible  armoured  vehicle,  because  of  the  camoullagc  and 
proximity  to  a  road.  Neither  the  SAR  image  alone  nor  the  video 
image  alone  would  be  as  convincing. 


Experience  shows  that  operators  typically  move  the  hypcrlcnscs 
back  and  forth  across  an  area  of  interest  so  that  their  eyes’  can 
use  optical  persistence  to  view  both  images  at  the  same  time. 
This  is  similar  to  the  way  that  analysts  co-view  paper  image 
products  by  flipping  one  image  on  and  off  another. 

Masks  arc  used  in  conjunction  with  the  hypcrlcnscs  so  that 
regions  appear  transparent  where  no  information  is  available. 
This  makes  it  possible,  for  example,  to  overlay  icons  or 
graphics  onto  the  base  image,  inside  each  hypcrlcns. 

The  biggest  technical  challenge  in  developing  Hypcrlcn.sc.s  for 
client-server  (Sun)  architectures  was  to  achieve  instant  and 
smooth  updates  of  the  lenses  as  they  move.  Data  links  arc  not 
fast  enough  on  client-server  machines  for  the  central  server  to 
control  the  window  updates,  so  it  was  necessary  to  first 
download  all  the  images  into  X-Tcrm  memory,  and  then  use  a 
local  process  to  control  the  hypcrlcns  window.  Once  the 
solution  was  proven,  this  was  implcmenied  as  an  X-Windows 
widget,  and  will  .soon  be  re-implemented  as  a  JAVA  applet. 
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Figure  8:  Hyperlenses  are  an  effective  tool  for  viewing  dissimilar  images  and  maps  in  context  In  (a),  (b)  and  (c).  an  optical 
image,  overlaid  onto  a  topographic  map,  remains  unchanged  Pixe's  that  have  no  optical  data  show  the  underlying 
mapsheet.  In  (a)  and  (b),  a  hyperlens  is  moved  up  over  the  optical  image  to  show  a  coregistered  Synthetic  Aperture  Radar 
(SAR)  image.  In  (c),  a  second  hyperlens,  showing  a  SAR  scene  taken  on  a  late'  day,  has  been  added  revealing  two 

suspicious  targets  not  previously  present  as  indicated 
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5  DETAILED  POST-ANALYSIS  OF  IMAGES 

Although  some  automated  image  analysis  functions  are 
currently  too  computationally  intensive  to  be  done  in  real-time, 
they  can  still  deliver  valuable  insights  about  a  region  of  interest, 
in  near  real-time,  to  a  tactical  reconnaissance  unit.  Of  particular 
interest  are: 

•  algorithms  that  can  automatically  scan  large  amounts  of 
data  looking  for  specific  features.  Target  detection  and 
change  detection  algorithms  are  examples  of  these,  as 
discussed  in  Sections  5.1  and  5.2;  and 

•  processes  that  can  be  applied  to  selected  scenes  or 
sequences  of  scenes  to  extract  as  much  information  as 
possible.  Super-resolution  is  an  example  of  such  a  process, 
as  discussed  in  Section  5.3. 

As  large  amounts  of  information  are  collected  and  extracted,  it 
becomes  increasingly  difficult  to  find  the  information  that  is 
needed  in  the  growing  archives.  Section  5.4  describes  some 
prototype  solutions  that  have  been  investigated,  using  Web-like 
user  interfaces  and  hypertext  links. 

5.1  Automated  Target  Detection 

A  great  deal  of  research  has  been  devoted  to  the  development  of 
automated  target  detection  systems  for  virtually  every  type  of 
imagery.  As  a  result,  many  very  successful  algorithms  are 
available,  although  they  tend  to  be  quite  sensitive  to  variations 
in  image  quality.  The  human  eye  remains  the  most  robust  target 
detector,  although  for  certain  data  sets  it  can  be  outperformed 
by  automated  algorithms. 

For  tactical  surveillance,  automated  target  detection  algorithms 
can  supplement  the  work  of  trained  operators,  particularly  when 
large  amounts  of  data  need  to  be  scanned.  If  a  blue  car  is  seen 
by  a  UAV  in  a  suspicious  location,  for  example,  an  operator 
might  use  an  automated  target  detector  to  search  previously- 
recorded  imagery  for  other  possible  sightings  of  the  same  car. 
To  search  the  same  data  by  hand  would  be  prohibitively 
expensive  —  taking  roughly  as  long  as  the  original  UAV 
missions. 

Currently-available  detection  engines  are  able  to  search  on 
criteria  such  as  spectra,  size,  shape,  speed,  and  context  (e.g. 
proximity  to  roads).  Even  so,  searches  will  in  general  “find”  a 
number  of  false  targets,  and  the  resulting  detections  will  need  to 
be  reviewed  by  a  human  operator.  The  target  detection  engine 
does  not  replace  the  operator,  but  rather  reduces  the  search 
space  to  a  size  that  the  operator  can  effectively  search. 


It  is  important  that  target  detection  tools  do  not  just  highlight  the 
targets,  but  also  automatically  create  a  record  suitable  for 
storage  in  a  geographic  information  system  (GIS).  The  target 
records  should  include: 

•  location  (time  and  map  coordinates)  of  the  target; 

•  size  and  shape  of  the  target;  and 

•  an  image  chip  of  the  target. 

This  allows  an  operator  to  quickly  scan  the  candidate  targets, 
and  confirm  or  discard  each  one.  The  Change  Detection  engine 
described  in  Section  5.2,  and  shown  in  Figure  7  can  be 
configured  as  a  target  detector,  and  customized  for  a  variety  of 
missions  and  sensors.  Experience  with  SITAC  confirms  the 
efficiency  of  being  able  to  rapidly  scroll  through  a  list  of 
detections,  confirming  or  rejecting  each  candidate  with  the 
press  of  a  single  button. 

5.2  Change  Detection 

Change  detection  is  important  to  tactical  commanders  for  the 
following  reasons: 

•  most  activities  that  are  of  tactical  interest,  such  as  force 
movements  or  equipment  installations,  will  show  up  as 
changes  on  the  ground; 

•  the  Recognized  Tactical  Picture  (RTP)  for  an  area  of 
interest  (AOI)  can  be  kept  current  by  detecting  changes  and 
then  making  incremental  changes.  This  is  much  less  costly 
that  doing  complete  re-assessments  of  the  AOI;  and 

•  automated  change  detection  promises  to  be  more 
technically  achievable  than  target  detection. 

For  these  reasons,  strategic  and  tactical  intelligence  units  have 
given  change  detection  research  a  high  priority. 

The  “Hawkeye”  change  detection  software,  shown 
schematically  in  Figure  9,  was  originally  developed  under 
contract  to  the  Defense  Landsat  Program  Office  [6].  It  is 
currently  used  by  SITAC  to  analyse  remotely  sensed  imagery 
for  the  US  Government,  and  it  is  being  integrated  into  the 
British  Columbia  Ministry  of  Forests  as  a  forestry  management 
and  monitoring  tool. 

The  success  of  the  Hawkeye  software  is  due  largely  to  its  use  of 
mission-specific  algorithms  to  differentiate  between 
“significant”  and  “nuisance”  changes.  The  significance  of  a 
change  is,  of  course,  highly  situation-dependent.  Changes  that 
are  a  nuisance  for  many  missions  include: 


Figure  9:  The  “Hawkeye”  change  detection  system  relies  on  user-definable  “missions”,  because  the  significance  of  a 
change  is  determined  by  the  goals  of  the  operator.  Hawkeye  extracts  candidate  changes  from  the  imagery  and  stores  them 
as  records  in  a  (3IS.  The  operator  can  then  review  the  changes,  using  the  user  interface  shown  in  Figure  7. 
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Figure  10:  An  automated  Change  Detection  tool  can  highlight  changes  or  motion  that  an  operator  misses  In  this  example, 
a  bus  and  a  car  are  visible  moving  along  a  rural  road  in  the  video  image,  as  shown  in  (a)  and  (b).  The  camera  in  this  example 
pans  through  the  scene  very  quickly,  and  most  viewcs  only  notice  the  bus  The  automated  algorithm  is  not  distracted, 
however,  and  correctly  highlights  the  car  moving  in  the  oppos'te  direction  In  (c),  yel'ow  and  green  masks  are  used  to  mark 

the  before  and  after  locations  of  the  vehicles 


•  pixel  shilTs  due  lo  miivemenl  of  llie  eanier.i 

•  changes  due  In  varialiens  in  the  view  inc  angle 

•  changes  in  illuniinalien 

•  atmospheric  or  weather  changes  (e  g.  cloudst 

•  .scasontil  changes  (e.g.  snow  e<uer) 

Changes  that  may  be  significant  for  tactical  missions  include: 

•  bomb  damage 

•  newly-installed  weapons 

•  tracks  left  hy  mobile  eriuipment 

•  cutting  of  trees  and  clearing  of  land 

Motion  detection  is  a  change  detection  where  the  ''before"  tmd 
“after”  images  are  from  a  single  time  seipienee.  siieh  as  a  video. 
Motion  dcti'ction  missions  are  distracted  hy  only  tssi'  types  of 
nui.sance  chtmgc:  pixel-shills  and  viewing  angle  eh.inges.  an>i 
arc  generally  able  to  extract  both  location  and  speed  of  targets 

Figure  10  .shows  an  example  vehicle  motion deieeiion  mission 
using  Predator  data.  The  mission  algorithm  examined  lw(' 
tcmporally-closc  frames  of  the  video,  and  looked  for  spectral 
changes  with  .sizes  corresponding  to  vehicles.  Inlerestingis .  the 
algorithm  found  a  .small  car  th.il  was  inili.dly  missed  by  the 
human  operators,  whose  attention  was  disir.ieleil  by  the 
niovcmcnl  of  the  larger  bus.  False  detections  occurred  in  p.irls 
of  the  image  not  reproduced  here,  due  lo  eh.inges  in  sun  glint  on 
roofs  of  buildings. 

Change  detection  between  different  UAV  si'rties  is  more 
difficult  than  motion  detection  because  the  nuisance  changes 
are  much  more  severe.  Howvere.  the  usefulness  ol  such 
“mullilemporal”  change  detection  is  correspondingly  higher,  so 
it  remains  a  high  priority. 


lauelli  'iighl  during  the  planning  process  van  he  important  to  the 
success  of  miillil.miporal  change  deieeiion  missions  Hy  Hying 
the  FAN'  on  a  second  sortie  along  idenlieal  llighl  paths  ami  at 
the  s.ir.te  lime  ol  d.iv.  ami  h\  p.Miiling  llie  camera  onto  the  target 
at  tin-  same  time  in  the  lliglit.  miis:mce  eh.inges  due  lo  viewing 
angle  and  illiimiti:ill.'n  can  he  minimized  Automated  tools  such 
as  those  diseuss-d  in  .Section  ^  can  aid  in  this  planning  process. 

5..^  Siipcr-Rcsohilion 

Spatial  resohiiion  is  critical  in  surveillance  tiala  because  it 
determines  ilie  amount  ol  information  ih.il  a  skilled  analyst  can 
extract  lii>m  itv  dal.i  I  actors  that  limit  the  resolution  of  an 
im.igc  aeipiired  h\  an  electro  optical  camera  include: 

•  the  resolution  of  itie  optics  in  the  camera,  and 

•  the  si/c  of  the  pixels  jn  the  camera's  sensor  (c.g.  ('CD 
arr.iv), 

'ITe  former  limit  proh.ihK  eannoi  he  exceeded,  hut  the  latter  can 
he  sirelehed  using  "super  resolution"  methods 

Super  resolution  algi'iilhms  cxir.icl  information  from  a 
scipience  of  similar  images  to  create  a  single  image  with  higher 
rcsohiii.iri  th.in  an\'  of  the  source  images  The  algorithms  use  the 
mis.dignmenl  of  pixel  hoiindiiries  If  om  one  image  lo  another,  lo 
exIi.K'1  siih  pixel  del.iils  ahoiil  the  scene.  Some  algorithms  do 
this  hv  ir.insfening  all  the  loss'  resolutii'ii  images  to  a  single 
high T  resolution  grid  and  then  dehluning  using  ti 
deconvolution  filter  |  ,111 1()|  These  algorithms  have  trouble 
with  source  im.iges  ih.il  are  misaligned  or  at  dilTerenl  scales. 
M  '-e  recent  research  |.‘'1|  I  1 1  use  an  ileralise  "h.ick  projection" 
ak'orilhm  Ih.i'  is  more  robust  to  image  misalignments,  motion, 
and  eh.inges  of  se.de  1  oi  N  I  .S( '  \  ideo.  the  Iss  o  interlaced  I  iclds 
must  he  sup.-r  res.  >l\esl  .is  sep.ir.ili-  fi.imes  if  there  is  any  camera 
nioti.m 
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Figure  1 1 :  Super-resolution  offers  analysts  a  more 
detailed  view  of  a  target  by  fusing  multiple  source 
scenes,  such  as  multiple  frames  from  a  UAV  video 
signal.  New  research  has  demonstrated  the  feasibility  of 
super-resolving  images  taken  from  different  passes  of 
an  airborne  sensor,  as  shown  here.  Data  is  from  the 
Compact  Airborne  Spectrographic  Imager  (CASI). 

UAV  video  sequences  are  the  natural  candidates  for  super¬ 
resolution  because  they  give  multiple  views  of  the  same  scene, 
with  different  pixel  alignments.  The  increase  in  the  resolution 
will  depend  on  many  factors,  including  camera  optics, 
electronic  noise,  and  blurring  due  to  motion  of  the  camera. 

Super-resolution  can  also  be  done  between  scenes  taken  at 
different  times.  These  pre.scnt  additional  challenges,  however, 
in  that  the  source  images  may  be  rotated,  scaled,  and  stretched 
relative  to  each  other.  Research  at  MacDonald  Dettwiler  has 
addressed  these  problems  using  a  back-projection  algorithm 
that  iteratively  refines  the  affine  transform  that  represents  the 
mis-registration  and  distortion  of  the  source  images.  Figure  1 1 
shows  the  new  method  applied  to  a  set  of  three  source  images 
spaced  approximately  one  half  hour  apart. 


5.4  Web-Structured  Information  Pages 

All  of  the  above  tools,  together  with  commonly-available  image 
analysis  workstations  and  their  associated  tools,  are  designed  to 
convert  image  data  into  information.  A  video  image  of  a  airstrip 
certainly  has  value,  for  example,  but  a  map  of  the  airstrip  with 
facilities  and  aircraft  located  and  identified  has  even  more 
value.  This  introduces  a  new  problem:  as  data  is  distilled  into 
information,  it  becomes  more  abstract  and  may  no  longer  be 
associated  with  a  single  geographic  location.  How  can  the 
information  be  made  accessible  to  all  potential  users  in  a  user- 
friendly  way  and  at  a  reasonable  cost  in  manpower? 

A  prototype  information  network  based  on  World  Wide  Web 
technologies  was  tested.  Users  can  access  the  information  in 
this  secure  intra-network  using  a  Web  browser  (such  as 
Netscape)  or  using  icons  displayed  on  a  map-based  “Situation 
Picture”,  as  sketched  in  Figure  12.  Links  to  associated 
information  are  encoded  in  an  extended  form  of  hypertext 
markup  language  (html).  They  appear  as  highlighted  text  in  the 
Web  browser  and  as  icons  in  the  Situation  Picture. 

The  key  question  being  addressed  by  the  prototype  is  “how  can 
information  best  advertise  its  existence  so  that  future  analysts 
get  maximum  benefit  from  it?”  Some  of  the  lessons  learned 
include: 

•  the  operator  must  be  able  to  select  what  classes  of  icon 
should  be  displayed  on  the  Situation  Picture.  This  includes 
being  able  to  hide  or  delete  information  that  is  outdated  or 
superceded; 

•  hyperlenses  can  be  used  to  filter  which  icons  are  di  splayed. 
Thus,  ship  icons  are  thus  only  visible  through  a  “detected 
ship”  hyperlens.  This  approach  works  but  was  not 
noticeably  superior  to  the  more  common  menu-switch 
approach; 

•  automatic  methods  must  be  used  to  generate  web  pages  for 
new  targets  as  they  are  detected,  and  to  amalgamate  web 
sites  when  two  targets  are  identified  as  the  same  or  when 
new  information  is  derived.  Present  manual  methods  are 
far  too  slow. 

This  move  toward  an  html-based  information  network  is 
consistent  with  a  number  of  government  and  military  initiatives, 
particularly  in  the  United  States. 


(a)  “Situation  Picture”  browser 


j  GoTo:  I  ¥!itjim/t«xg/1956091i 
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(c)  Web  browser 


(b)  Underlying  information 


Figure  12:  The  ultimate  purpose  of  any  data  management  system  is  to  convert  data,  such  as  video  sequences,  into 
information,  such  as  target  identities,  locations,  and  snapshots  (b).  That  information  can  then  advertise  its  existence  to 
surveillance  analysts  and  operational  commanders  by  linking  itself  into  a  browsable  and  searchable  network.  Operators  can 
then  use  a  geographically-based  browser  with  clickable  icons  (a)  to  link  specific  map  locations  to  that  information.  Common 
tools  such  as  Netscape  (c)  support  exploration  of  more  abstract  “information  spaces”. 
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6  FUTURE  CHALLENGES 

Not  surprisingly,  this  research  has  raised  as  many  questions  as 
it  has  answered.  The  problems  of  accurately  geocodinp. 
correcting,  and  mosaicking  the  raw  data  arc  well  in  hand,  but 
the  problems  of  extracting  information  from  the  data  and 
presenting  it  efficiently  to  the  user  are  an  ongoing  challenge 
Three  of  the  most  important  challenges  are 

•  Visualizing  Temporal  Relationships:  how  can  a  two 

dimensional  computer  .screen  adequately  display  the 
relative  times  of  image  collection  and  target  detection’’ 
How  can  the  operator  better  visuali/c  motion,  speed,  and 
time-horizons? 

•  Automated  Image  Understanding:  more  work  needs  to 
be  done  in  automated  target  detection,  site  modelling,  and 
terrain  classification.  Algorithms  need  to  be  robust  to 
changing  illumination  and  view  angles, 

•  Common  Frameworks  for  Data  Fusion:  current  data 
fusion  algorithms  arc  very  sensor-specific.  Can  the  critical 
parameters  be  identified  and  extracted  so  that  data  fusion 
algorithms  can  be  more  source-agile? 

7  SUMMARY  AND  CONCLUSIONS 

UAVs  arc  data-rich  but  context  poor,  Tlicy  provide  a  very  dense 
stream  of  images  wherever  the  camera  is  pointing,  but  little 
information  about  the  surrounding  world  or  previous  flights  in 
the  same  area.  Accordingly,  many  of  the  research  topics  in  this 
paper  have  focused  on  presenting  UAV  information  in  spatial 
and  temporal  context: 

•  Gcocoding  and  coregistration  tools  allow  incoming  images 
to  be  viewed  in  the  context  of  a  topographic  map  of  an  area; 

•  Radiometric  calibration  tools  correct  the  spectral 
components  of  the  data  in  support  of  change  detection  and 
mosaicking  activities; 

•  Mosaicking  tools  fuse  multiple  frames  into  a  single  large 
image,  thus  reducing  the  total  amount  of  data,  without 
removing  any  information;  and 

•  New  user  interface  tools  help  operators  view  images  in  the 
context  of  other  images  or  maps  and  thus  detect  features  or 
discrepancies  that  would  otherwise  be  missed; 

Once  the  data  has  been  placed  in  context,  tools  can  be  applied 
to  squeeze  as  much  information  as  possible  from  it.  Research 
has  been  done  into  tools  such  as  the  following: 

•  A  change  detection  tool  that  can  be  easily  reconfigured  for 
new  missions,  and  that  extracts  records  suitable  for  storage 
in  a  geographic  information  system: 

•  A  super-resolution  tool  that  fuses  multiple  video  frames 
together  to  form  a  higher-resolution  image:  and 

•  A  web-based  information  management  tool  that  allows 
each  piece  of  information  to  “advertise  its  existence”  to  the 
operator. 

The  value  of  these  new  tools  can  only  be  proved  in  the  context 
of  operational  experience.  The  important  next  step  is  to 
integrate  the  tools  into  ncxt-gcncr.ition  UAV  ground  stations 
and  then  improve  the  technology  in  response  to  expressed 
preferences  of  the  users. 
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ABSTRACT 

This  discussion  paper,  arising  from  project  work  at  UK 
DERA,  considers  UTAVs  from  an  electronic  combat 
perspective.  The  paper  will  focus  firstly  upon  their 
application  to  Electronic  Combat  roles,  and  secondly  upon 
the  problems  of  UTAV  self  protection  by  means  of 
Defensive  Aids  Subsystems  (DASS). 

UTAVs  will  find  a  variety  of  roles  in  the  military 
operations  of  the  future,  both  in  conflict,  and  in  operations 
other  than  war,  such  as  peace-keeping  and  humanitarian 
aid.  This  paper  identifies  in  general  the  various  roles  and 
scenarios  which  may  become  applicable  to  UTAVs. 
Current  UTAVs  are  predominantly  used  for 
reconnaissance,  however  their  near-term  role  is  expanding 
to  encompass  communications  relay,  electronic  warfare, 
environmental  monitoring,  target  designation  and  the 
suppression  of  enemy  air  defences  (SEAD)  applications. 

The  paper  addresses  the  SEAD  scenario,  sensor  payloads, 
airframe  performance  requirements  and  levels  of  threat 
faced. 

The  SEAD  role  presents  a  particularly  high  risk  for 
airframe  survivability,  as  the  UTAV  is  challenging  the  very 
threats  which  may  be  used  against  it.  Such  UTAVs  are 
likely  to  carry  advanced  payloads,  making  for  a  high-value 
vehicle,  requiring  some  measure  of  self-protection. 

Defensive  aids  will  therefore  feature  in  UTAV  system 
designs.  It  is  important  to  match  the  style  of  defensive  aids 
to  the  roles  and  concepts  of  operation  of  the  various  types 
of  vehicle  envisaged.  The  style  of  self  protection  may  be 
biased  towards  threat  avoidance,  confusion  of  air  defences, 
or  towards  the  countering  of  immediate  threats.  The  paper 
discusses  these  styles  of  defensive  aids  systems,  their  cost 
and  system  drivers,  and  the  types  of  components  needed  to 
realise  them. 

The  defensive  aids  suites  could  in  most  cases  have  to 
operate  without  manual  intervention,  and  in  this  respect 
will  be  rather  different  to  the  traditional  systems  found  in 
maimed  aircraft.  The  paper  discusses  these  differences,  and 
their  implications  in  terms  of  system  cost,  complexity  and 
effectiveness. 

The  style  of  any  countermeasure  responses  proposed  for 
UTAVs  may  vary  considerably  according  to  the  type  of 
operation  and  the  rules  of  engagement.  Consideration  must 
be  given  to  the  dangers  of  collateral  damage,  and  even 
environmental  damage,  in  certain  circumstances.  The  paper 
discusses  these  considerations. 


1.  INTRODUCTION 

The  term  “electronic  combat”  covers  the  non-image¬ 
forming  military  use  of  the  electromagnetic  spectmm.  It 
includes  all  aspects  denying,  confusing  or  deceiving  the 
enemy’s  use  of  the  EM  spectrum,  and  the  exploitation  of 
his  use  of  the  EM  spectrum  to  one’s  own  advantage. 

Electronic  combat  covers  passive  RF  sensing,  defensive 
RF  &  EO  alerting  and  countermeasure  systems,  RF  and 
EO  stealth,  directed  energy  weapons  and  all  types  of 
jamming  system. 

It  is  the  defensive  aspects  of  EC  which  relate  to  the 
protection  of  strike  aircraft;  SEAD  is  one  element  of  a 
layered  EC  defensive  stmcture. 

Long  range  electronic  surveillance  measures  (ESM), 
electronic  intelligence  (ELINT),  and  reconnaissance, 
information,  surveillance  and  target  acquisition  (RISTA) 
provide  the  first  element  of  this  layered  structure.  Then- 
deep  probing  of  the  hostile  territory  reveals  threats  to 
friendly  forces  such  as  air  defence  units  (ADUs).  This 
information  can  be  fed  into  mission  planning  which 
ensures  that  friendly  aircraft  can  avoid  the  most  lethal  of 
the  known  threats. 

Where  mission  planning  alone  is  insufficient  to  protect  a 
raid,  non-mobile  threats  can  be  suppressed  by  the  use  of 
long  range  precision  stand-off  weapons,  such  as  cruise 
missiles,  or  by  whatever  destructive  means  is  most 
appropriate  to  the  circumstances  -  attack  helicopters, 
artillery,  battle  tanks,  infantry  or  dedicated  air  strikes. 

Despite  mission  planning,  a  raid  is  likely  to  overfly 
previously  unknown  defences,  or  mobile  defences  which 
have  redeployed.  These  systems  may  be  engaged  by 
lethal  SEAD  mechanisms  such  as  the  anti-radiation 
missiles  (ARMs),  or  suppressed  by  jamming  (ECM).  It  is 
hoped  that  in  the  future,  target  detection  systems  will 
become  sufficiently  accurate  to  allow  conventional 
weapons  to  engage  ADUs,  rather  than  the  traditional  use 
of  ARMs,  which  are  becoming  prohibitively  expensive. 
Suitable  sensors  may  well  be  deployed  upon  stand-in 
platforms. 

Unmanned  tactical  air  vehicles  are  well  suited  to  this  role 
of  target  location  for  SEAD,  not  only  due  to  the  usual 
“D3”  demarcation  of  Dull,  Dirty  and  Dangerous 
missions,  but  in  this  case  a  fourth  ‘D’  that  the  authors 
propose  -  Dollars.  The  UTAV  based  sensor,  backed  up 
by  conventional  weapons  is  suggested  as  a  more  cost 
effective  solution  than  ARMs  for  dedicated  tactical 
SEAD  missions. 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)”,  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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If  the  SEAD  approach  above  fails  to  clear  a  corridor  for  a 
raid,  and  hostile  air  defence  weapons  arc  launched,  then 
on  board  DAS  is  invoked  as  the  final  layer  of  protection 
for  the  raiding  aircraft.  The  applicability  of  DAS  to  the 
UTAV  platform  itself  is  the  subject  for  the  latter  part  of 
this  paper. 

2.  TACTICAL  SEAD 

The  term  “SEAD”  (Suppression  of  Enemy  Air  Defences) 
is  applied  to  the  degradation  of  enemy  air  defences, 
broadly  speaking,  this  is  defined  as  the  suppression  of 
hostile  air  defence  elements  which  may  engage 
penetrating  friendly  aircraft,  before  an  anti-aircraft 
missile  or  gun  is  fired. 

Tactical  SEAD  docs  not  include  the  pre-strike  attack  of 
static  air  defence  assets,  such  as  the  destruction  of  long- 
range  surveillance  radars  by  the  use  of  cniisc  missiles. 

Current  capabilities  in  tactical  SEAD  rely  for  the  most 
part  upon  ARMs,  and  upon  stand-off  jamming. 

An  ARM  is  launched  once  a  threat  is  indicated,  and  flics 
ahead  of  the  strike  aircraft.  The  missile  will  search  for  air 
defence  radar  emissions  and  home  onto  the  highest 
priority  threat.  ARMs  arc  capable  systems  and  arc  combat 
proven,  but  there  arc  some  drawbacks  for  the  tactical 
SEAD  role: 

•  An  ARM  can  only  engage  targets  which  arc  radiating. 
If  an  ADU  docs  not  switch  on  its  radar,  then  an  ARM 
cannot  detect  it  as  a  target.  If  the  threat  of  ARMs 
prevents  a  radar  from  switching  on,  then  the  radar  is 
considered  suppressed,  as  ADUs  arc  generally  unable 
to  engage  friendly  forces  without  some  radar 
emission.  It  is  the  threat  of  the  radar  being  switched 
on  to  engage  friendly  aircraft,  after  the  passage  of  an 
ARM  which  concerns  SEAD  effectiveness. 

•  To  maximise  the  probability  that  an  ADU  is 
suppressed,  it  is  likely  that  more  than  one  ARM  is 
used  against  each  target.  As  current  ARMs  have  no 
battle  damage  asscs.smcnt  capability,  it  is  not  possible 
to  be  certain  that  the  engaged  threat  has  been 
eliminated.  The  advent  of  an  ADU  stopping  radiation 
at  the  same  time  as  an  ARM  strikes  does  not  preclude 
the  ADU  operators  having  switched  off  their  radar. 

•  ARMs  arc  extremely  expensive  weapons.  In  a  US 
report  (published  on  the  internet)  of  weapon  costs 
from  the  Gulf  War,  unit  costs  were  given  for  the 
following  weapons.  Their  warheads  arc  assessed  as 
broadly  similar  in  lethality: 

•  AGM-88,  HARM,  Anti-radiation  missile:  unit 
cost  $257,000 

•  AGM-65E,  Maverick  air  to  ground  guided 
missile:  unit  cost  $101,000 

•  Mk-82  ‘iron’  bomb:  unit  cost  $498 


From  the  weapon  costs  stated  above,  it  is  apparent  that  if 
a  cheaper  weapon  could  be  delivered  to  the  target  area, 
then  the  cost-effectiveness  of  the  SEAD  operation  would 
improve  considerably. 

It  is  the  concern  that  a  considerable  investment  is 
expended  with  each  launch  of  an  ARM,  regardless  of  the 
weapon  effectiveness,  which  has  prompted  research  at 
DERA  UK  into  future  SEAD  systems. 

In  its  purest  form  the  future  concept  is  to  utilise  a  stand¬ 
off  sensor  to  detect  hostile  ADUs,  and  then  to  direct 
conventional  weapons  onto  the  target.  If  it  is  considered 
desirable  to  reuse  this  sensor,  or  at  least  to  utilise  its 
capability  against  a  number  of  successive  targets,  then  a 
long  endurance  sensor  platform  is  required. 

This  stand-off  sensor  platform  could  be  a  conventional 
manned  aircraft,  however  the  SEAD  role  is  traditionally 
considered  the  most  dangerous  of  offensive  missions,  as 
the  SEAD  target  is  specialised  at  eliminating  aerial 
threats.  A  natural  choice  for  a  platform  is  the  UTAV.  An 
uninhabited  air  vehicle  removes  the  risk  of  pilot 
casualties,  and  the  size  reduction  brought  about  by 
rcmo\-ing  the  man  from  the  airframe,  enhances  platform 
sunivability, 

3.  SEAD  OPER.ATIONS 

Target  detection  is  required  for  all  SEAD  concepts. 
Tactical  SEAD  implies  the  use  of  an  airborne  sensor  suite 
and  the  provision  for  some  means  of  attacking  threat 
ADUs.  The  attack  methodology  may  be  either  lethal  or 
non-lcthal.  The  definition  of  a  non-lcthal  strategy  is 
taken  as  any  strategy  where  there  is  a  reasonable 
expectation  that  there  will  be  no  loss  of  human  life.  An 
example  of  a  non-lcthal  attack  is  stand-off  jamming. 

An  attack  platform  may  be  a  conventional  strike  aircraft, 
or  some  surface  -  based  system.  It  could  of  course  be  an 
unmanned  combat  air  vehicle  (UCAV),  or  the  sensor 
platform  itself 

In  OOTW  it  is  possible  that  only  the  target  location 
element  of  a  lethal  SEAD  system  would  be  compliant 
with  the  nilcs  of  engagement.  This  would  yield  valuable 
intelligence  information,  yet  would  still  require  some 
levels  of  self  protection,  since  the  UTAV  is  likely  to  be 
seen  as  a  target  of  opportunity,  or  even  of  high  priority, 
for  hostile  air-defences. 

4.  UTAV  AIRFRAME 

FuUirc  tactical  SEAD  will  be  operated  as  a  mission 
support  utility.  That  is  to  say  that  it  will  directly  enhance 
the  survivability  of  specific  missions  in  a  timely  manner, 
rather  than  be  used  in  the  ‘search  and  destroy’  role. 
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It  may  be  assumed  that  fixed  ADU  sites  will  be  detected 
ahead  of  the  raid  by  conventional  reconnaissance  means. 
However,  it  is  the  mobile  ADU  threat  which  is  the  most 
significant.  Modem  mobile  ADUs  are  extremely  capable 
weapons,  and  any  intelligence  reports  of  their  position  are 
likely  to  be  stale  by  the  time  an  offensive  mission  is 
launched. 

4.1  Range  Requirement 

The  UAV  selected  must  be  able  to  detect  threats  against 
friendly  aircraft  for  the  whole  mission.  This  may  be 
achieved  either  by  using  a  static  airframe  with  a  long- 
range  sensor,  or  by  use  of  a  long-range  airframe  with  a 
short(er)-range  sensor. 

The  problems  associated  with  terrain  masking  at  long 
ranges  will  almost  certainly  shift  the  balance  of  decision 
towards  a  longer  range  stand  -in  platform. 

4.2  Altitude  Requirement 

An  ESM  sensor  exists  to  detect  radiation  from  ADUs,  it 
must  be  flown  at  an  altitude  suitable  to  intercept  such 
radar  energy.  This  precludes  very  low  flying  platforms, 
as  they  will  be  shielded  from  such  radiation  by  local 
topography.  Equally,  platforms  which  fly  too  high  will 
be  above  the  area  searched  by  ADUs  and  would  be  reliant 
upon  intercepting  the  very  low  power  sideband 
emissions,  rather  than  the  comparatively  high-gain  main- 
beams.  This  leaves  the  airframe  designer  with  a  medium 
altitude  platform. 

4.3  Velocity  Requirement 

If  the  SEAD  system  is  to  provide  timely  threat 
information,  and  is  using  a  short  or  medium  range  sensor, 
then  it  can  be  inferred  that  the  platform  must  be  capable 
of  speeds  broadly  similar  to  those  of  the  strike  aircraft.  A 
slow  flying  UAV  far  ahead  of  the  raid  may  be  unable  to 
detect  a  mobile  threat  which  has  arrived  at  a  point 
covered  by  the  SEAD  sensor  an  hour  ago,  but  not  yet 
overflown  by  the  raid  aircraft. 

4.4  Payload  Considerations 

Payload  considerations  must  also  be  addressed  for  the 
platform.  There  must  be  sufficient  power  and  load 
reserve  for  the  chosen  sensor.  If  the  UAV  is  intended  to 
engage  targets  with  weapons  launched  from  its  own 
airframe,  then  there  must  be  sufficient  scope  in  airframe 
design  to  allow  for  this. 

4.5  Stealth 

The  airframe  design  should  avoid  features  which  will 
advertise  its  presence  on  the  battlefield.  A  low  radar 
cross  section  will  limit  the  detection  range  for  radar, 
whilst  a  low  thermal  signature  will  enhance  stealth 
against  thermal  imagers. 

The  sensor  suite  chosen  may  avoid  active  systems  to 
compliment  a  basic  stealthy  design.  If  active  sensors  are 
essential  for  the  mission,  then  stealth  of  the  airframe  will 
fall  in  importance. 


4.6  Performance  Summary 

In  summary  the  required  airframe  is  likely  to  have  good 
endurance,  fly  at  high  speed  (but  retain  a  low  speed 
capability)  and  at  a  medium  altitude.  It  may  have  a  low 
observable  profile,  and  have  a  reasonable  payload 
capability.  One  commercially  available  airframe,  which 
exhibits  such  features,  is  the  Teledyne  Ryan  “Scarab” 
(See  Appendix  A). 

5.  UTAV  SEAD  SENSORS 

Sensors  technologies  applicable  to  the  SEAD  field  fall 
into  two  broad  categories;  passive  and  active.  If  a 
stealthy  airframe  is  required,  then  all  emissions  should  be 
minimised.  This  suggests  the  utilisation  of  a  passive 
sensor.  The  following  section  will  summarise  some  of 
the  passive  sensor  options  for  a  UAV  based  SEAD 
sensor. 

5.1  Passive  sensor  technologies 
Acoustic 

Acoustic  signatures  have  successfully  been  used  in  the 
attack  of  AFVs.  However  these  are  very  short  range 
sensors  and  it  is  unlikely  if  current  technology  can 
differentiate  between  an  AFV  and  an  ADU  based  upon 
the  same  chassis.  It  is  in  doubt  whether  a  motionless 
ADU  will  have  a  sufficient  acoustic  signature  to  allow 
detection. 

Passive  RF  detection 

This  is  the  traditional  means  of  sensing  used  by  ARMs, 
and  in  ESM  and  ELINT.  Emitted  radiation  is  detected, 
and  the  source  position  calculated.  ADUs  can  only  be 
detected  if  their  radars  are  switched  on;  emission  control 
measures  (EMCON)  will  inhibit  the  performance  of  such 
sensors.  The  utility  of  these  sensors  will  be  greatly 
enhanced  by  the  use  of  radar  decoys  or  similar,  to 
encourage  the  hostile  ADUs  to  illuminate. 

Imaging  Infra-red 

This  system  obtains  a  high  resolution  image  of  the 
battlefield  and  automatically  detects  likely  targets  by  their 
thermal  contrast  and  outline.  It  may  prove  difficult  to 
differentiate  between  AFVs  and  ADUs,  but  it  will 
produce  a  near  complete  set  of  possible  targets.  Poor 
weather  will  degrade  the  performance  of  this  sensor 
significantly. 

Optical 

Perhaps  the  best  means  of  differentiating  an  AFV  from  an 
ADU  is  to  have  a  man  in  the  loop.  Both  daylight  and 
thermal  TV  are  viable  options.  An  operator  cued  onto  a 
target  can  identify  the  threat  and  authorise  engagement. 
Again,  poor  weather  degrades  performance  significantly. 

Passive  Sensor  Summary 

The  only  automated  system  which  will  detect  all  likely 
threats  is  the  imaging  infra-red.  This  used  in  conjunction 
with  a  passive  RF  seeker  for  cueing  or  differentiation 
would  give  the  basis  for  a  SEAD  sensor  suite.  However 
this  would  not  provide  an  all  weather  system. 
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5.2  Active  Sensor  Technologies 
Retro-reflection 

A  scanning  laser  detects  a  reflected  flash  from  an  optical 
lens  or  camera.  This  sensor  can  detect  only  systems 
which  contain  the  sensor  in  their  field  of  view.  However 
any  air  defence  system  tracking  the  sensor  platform 
would  give  a  decisive  signature.  Again,  in  common  with 
optical  systems,  poor  weather  will  significantly  degrade 
performance. 

Millimetric  Wave  Radar 

A  high-resolution  radar  system  widely  employed  in  the 
attack  of  AFVs,  this  system  would  be  equally  effective 
for  the  detection  of  ADUs.  It  is  a  comparatively  short 
range  system  but  has  all  weather  capability. 

Lidar 

A  form  of  high  resolution  radar  using  lasers.  The  high 
fidelity  may  allow  identification  of  the  targets,  but  poor 
weather  performance,  and  short  range,  arc  the  major 
disadvantages. 

Synthetic  Aperture  Radar 

This  is  a  long-range  medium-resolution  radar  system  also 
used  for  the  detection  of  armour.  It  is  unlikely  that 
current  technology  can  differentiate  bctw'cen  AFVs  and 
ADUs,  but  a  SAR  sensor  will  deliver  a  complete  set  of 
possible  threats. 

Active  Sensor  Summary 

Active  systems  can  give  the  required  all  weather 
capability,  but,  in  common  with  passive  systems,  no  one 
sensor  is  a  robust  solution  of  the  detection  problem.  It  is 
likely  that  a  suite  of  sensors  will  be  required.  SAR  offers 
the  best  combination  of  range,  detection  probability  and 
all  weather  capability,  with  the  disadvantage  of  poor 
differentiation  between  AFVs  and  ADUs.  Passive  RF 
will  show  ADUs,  as  they  alone  will  be  searching  the  sky 
with  radar.  Retro-reflection  will  show  EO  threats,  but 
only  those  systems  which  have  the  sensor  in  their  field  of 
view.  Lidar  or  mmW  offer  high  resolution  signaUircs 
which  may  be  used  to  identify  SEAD  targets. 

6.  SEAD  SENSOR  CONCLUSION 

It  would  appear  that  the  most  robust  solution  is  for  a 
sensor  suite  with  at  least  one  active  element.  It  is 
doubtful  whether  it  is  sensible  to  pursue  a  highly 
stealthed  airframe  if  active  sensors  are  to  be  used. 

7.  SURVIVABILITY 

One  of  the  four  key  motivations  (“D4”)  for  the  interest  in 
UTAVs  is  to  have  the  capability  of  sending  advanced 
instmments  or  effectors  into  hostile  or  politically  sensitive 
areas,  without  risk  to  allied  personnel  (“Dangerous”).  The 
range  of  potential  UTAV  solutions  is  immense;  from  the 
micro-miniature  covert  surveillance  device  to  the 
uninhabited  large  aircraft  used  to  drop  relief  supplies.  The 
common  factor  is  that  the  level  of  risk  to  the  air  vehicle,  in 
the  desired  role,  is  greater  than  would  be  acceptable  for  a 
manned  equivalent. 


The  style  of  UTAV  likely  to  be  deployed  in  an  electronic 
combat  role  will  tend  towards  the  medium  sized,  but 
costlier  end  of  the  UAV  spectrum. 

The  principal  task  for  an  electronic  combat  UTAV  may  be 
one  of  accurate  location  of  hostile  emitters,  at  long  range. 
The  payload  would  include  a  high  performance,  high 
sensitivity  ESM  system  (the  sensitivity  may  be  relaxed 
somewhat  from  that  of  the  most  advanced  manned  air 
systems  due  to  the  inherent  stealth  of  the  UTAV  platform, 
and  the  higher  level  of  acceptable  risk  too  the  platform). 
Advanced  ESMs  are  neither  cheap  nor  light  weight, 
however  their  demands  for  primary  power  are  not  great. 

If  passive  location  of  emitters  is  insufficient,  then  active 
imaging  sensors  such  as  SAR  may  be  required. 
Alternatively  an  EC  UTAV  could  be  employed  as  a  stand¬ 
off  RF  jammer,  supporting  a  manned  raid. 

Such  active  payloads  would  be  technologically  advanced, 
costly,  heavy  and  require  considerable  power.  The  high 
demands  for  primary  power  would  in  turn  increase  the  size 
and  weight  of  the  airframe,  or  limit  the  effective  range  and 
endurance  of  the  UTAV. 

These  styles  of  UTAV  will  represent  high  value  targets 
for  the  enemy  air  defences,  and  although  more 
expendable  than  the  equivalent  manned  asset,  they  will 
be  too  valuable  to  be  regarded  as  single  -  use  platforms. 
Thus  there  will  be  a  requirement  for  some  level  of  self 
protection  or  DAS.  The  threat  environment  may  be 
divided  into  4  main  areas: 

•  RF  threats  -  short,  medium  and  long  range,  all 
weather  weapons 

•  IR  threats  -  short,  medium  and  long  range,  good 
weather  or  clear  air  weapons 

•  Laser  and  Optical  threats  -  short  range  (linc-of-sight), 
good  weather  weapons 

•  Unguided  weapon  threats  -  short  range  only 

8.  STYLES  OF  SELF  PROTECTION 

The  traditional  concepts  of  DAS  for  manned  platforms 
has  focused  upon  detecting  and  countering  immediate 
threats  from  missiles  and  guns  -  when  the  platform  is 
under  attack,  the  first  priority  is  survival,  and  system 
designs  have  reflected  this  imperative.  As  such,  the 
traditional  DAS  elements  such  as  radar  warners,  and  the 
RF  countermeasures  such  as  jamming,  and  the  dispensing 
of  chaff,  have  been  of  prime  importance.  More  recently, 
IR  countermeasure  dispensers,  missile  approach  warners 
and  laser  warners  have  risen  in  importance,  along  with  IR 
/  optical  jamming  systems. 

A  “complete”  DAS  fit  to  a  UTAV  is  unlikely  to  present  a 
cost  effective  solution  except,  perhaps,  in  the  case  of  the 
most  ambitious  UTAV  concepts  such  as  uninhabited 
fighter  /  bombers  (i.e.  UCAVs)  or  uninhabited  large 
aircraft. 
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In  order  to  arrive  at  the  optimum  DAS  solution  for  a 
UTAV  it  is  necessary  to  take  a  step  back  from  the 
traditional  concepts,  to  take  a  wider  view  of  platform 
self-protection.  We  propose  here  to  take  a  three  layered 
approach  toward  optimising  survivability: 

i.  The  first  layer  of  platform  self  -  protection  in  any 
UTAV  lies  in  threat  avoidance.  Avoidance  is  achieved 
by  flying  outside  the  detection  range,  or  at  least 
outside  the  lethal  range  of  the  threat.  Traditionally  this 
form  of  protection  has  been  achieved  through  mission 
planning  and  intelligence.  In  flight,  detection  by  the 
enemy  can  be  minimised  by  the  use  of  terrain  cover 
through  low  flying,  and  by  Ae  stealth  of  the  platform. 
Cloud  may  be  used  against  IR  and  optical  detection. 
Long  range  passive  sensing  of  un-surveyed  threats, 
permits  in-flight  re-routing  of  the  mission; 

ii.  The  second  layer  of  platform  self  -  protection  lies  in 
minimising  the  danger  that  a  threat  can  pose.  A  SEAD 
kill  (hard  or  soft)  may  be  invoked  from  supporting 
assets  or  using  weapons  carried  on  the  platform,  if 
any.  The  platform  can  attempt  to  confiise  enemy 
surveillance  and  acquisition  systems  by  the  use  of 
ECM  and  decoys.  Stealth  can  be  enhanced  by  flying 
in  the  Doppler  notch  around  a  threat  radar,  and  by 
making  use  of  cloud  cover  against  IR  and  optical 
seekers.  The  flight  altitude  can  be  chosen  to  avoid  the 
bulk  of  short  range  threat  systems.  Where  it  is  not 
possible  to  avoid  or  suppress  detection,  indeed  if  the 
mission  requires  the  platform  to  provoke  or  attack  a 
threat,  then  it  is  feasible  to  select  the  most  favourable 
approach  geometries,  to  minimise  exposure  and  to 
deny  engagement  opportunities  to  the  enemy. 

iii.  The  third  layer  of  this  approach  of  platform  self  - 
protection  is  the  traditional  DAS  layer,  which  is 
invoked  only  if  a  threat  is  engaging  the  platform.  Here 
the  traditional  components  providing  close-in  threat 
warning,  such  as  RWR  and  MLAW,  and  more 
recently  LWR,  come  into  play.  Countermeasure 
effectors  such  as  RF  and  IR  jamming,  chaff,  flares 
and  other  expendables  are  used  to  break  tracking  lock 
or  to  decoy  an  incoming  missile. 

The  UTAV  concepts  of  operation  may  limit  the 
applicability  of  layers  (i)  and  (ii).  This  and  other  issues  of 
self-protection  and  DAS  will  now  be  discussed  in  more 
detail.  Protection  against  surface  based,  and  airborne 
threats  will  be  dealt  with  separately. 

9.  SURFACE-BASED  THREATS 

A  wide  range  of  surface-based  systems  could  potentially 
threaten  a  UTAV.  ADUs  may  be  found  in  fixed  locations, 
be  ground-mobile,  ship-borne  or  man-portable.  Missile 
systems  may  be  guided  using  active  or  semiactive  RF 
illumination,  laser  illumination,  command-to-line-of- 
sight  principles,  or  make  use  of  passive  imaging  or  hot¬ 
spot  detection.  Anti-aircraft  guns  can  derive  aim  points 
from  radar,  laser  or  passive  EO  /  IR  tracking  systems,  or 
be  aimed  by  an  unassisted  human  operator. 


An  enemy’s  air  defences  may  consist  of  a  haphazard 
array  of  individual  ADUs,  with  little  or  no  co-ordination 
of  assets.  Such  situations  are  most  typical  of  insurgents, 
terrorist  or  criminal  groups,  and  encountered  in  peace¬ 
keeping  operations  or  low  -  intensity  conflict. 

Alternatively,  the  air  defences  could  be  well  co-ordinated 
through  a  clear  stmcture  of  command  and  control, 
making  use  of  early  -  warning  and  long  range 
surveillance  assets  to  pass  on  target  vectors  to  the 
appropriate  ADU  networks. 

9.1  Threat  Avoidance 

The  avoidance  tactic  is  a  basic  and  obvious  one  for 
enhancing  the  survivability  of  all  types  of  air  platform. 
The  nature  of  the  mission  of  a  UTAV  for  electronic 
combat,  however,  tends  to  reduce  the  scope  for  threat 
avoidance. 

A  UTAV  employed  in  long  range  passive  sensing  of 
emitters  must  have  a  clear  view  of  them,  hence  low  flying 
and  the  use  of  terrain  cover  are  not  compatible  with  the 
mission,  except  when  ingressing  to,  and  egressing  from, 
the  target  area. 

Data  on  the  locations  of  possible  threats  is  likely  to  be 
scant,  since  it  is  the  role  of  the  UTAV  to  be  the 
instrument  of  gathering  such  intelligence.  The  data 
collected  by  the  UTAV  may,  however,  be  used  on  board 
to  re-route  around  the  most  lethal  threats  detected,  and  of 
course  passed  back  to  any  manned  aircraft  that  the  UTAV 
may  be  supporting.  Organic  support  of  a  manned  raid 
would,  however,  preclude  any  re-routing  that  the  raid 
itself  could  not  follow. 

The  UTAV  is  likely  to  be  inherently  more  stealthy  than  a 
manned  platform.  The  airframe  will  typically  be  smaller, 
and  engine  thrust  requirements  and  power  use  less.  Thus 
both  RF  and  EO  signatures  will  be  simpler  to  reduce. 
Advanced  stealth  will,  however,  remain  difficult  and 
costly  to  achieve.  The  role  of  the  UTAV  in  collecting 
ELINT  could  require  it  not  to  be  over  -  stealthy  in  the  RF; 
part  of  its  function  would  be  to  provoke  silent  emitters 
into  action. 

RF  Stealth 

The  stealth  trade-off  in  the  RF  thus  becomes  a  choice 
between  two  alternatives: 

i)  A  platform  with  little  or  no  special  stealthing  in  the 
lower  RF  bands  used  by  surveillance  and  acquisition 
radars.  Such  a  platform  would  be  vulnerable  to  attack 
by  RF  systems,  so  require  some  DAS  elements.  Some 
stealthing  would  enhance  DAS  effectiveness, 
particularly  in  the  higher  RF  bands  used  by  tracking 
and  fire-control  radars,  and  by  airborne-intercept 
radars; 

ii)  A  highly  stealthed,  hence  more  costly  platform  with 
low  vulnerability  to  threats,  but  requiring  that  threats 
be  provoked  into  action.  This  provocation  could  be 
achieved  in  either  of  two  ways: 
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•  Deploying  some  additional  UAVs  or  expendable 
RF  decoys  to  fly  ahead  of  the  UTAV; 

•  Alternatively  the  stealthy  UTAV  could  cany-  an 
ECM  on  board,  used  to  present  intcmiittent  targets 
to  surveillance  radars. 

A  UTAV  carrying  an  active  scn.sor  such  as  a  SAR,  or  a 
stand-off  RF  jamming  capability,  will  be  highly  detectable 
when  transmitting,  so  there  would  seem  to  be  little  point  in 
expending  great  efforts  towards  passive  RF  stealth.  It  will 
be  trackable  by  enemy  ESM  and  potentially  at  risk  from 
long  range  IR-guided  missiles,  or  ARMs. 

EO/IR  Stealth 

EO  /  IR  stealthing  will  be  a  key  feature  in  any  UTAV 
optimised  for  electronic  combat.  If  the  UTAV  is  easily 
detected  and  tracked  in  the  visible  optical  or  the  IR,  then  it 
will  fail  in  its  mission  of  provoking  hostile  RF  emissions, 
and  is  more  likely  to  be  engaged  by  IR  systems. 

Many  EO  /  IR  threats,  MANPADS  in  particular,  will  only 
be  detectable  when  they  launch  missiles  or  fire  their  guns. 
To  deliberately  provoke  this  would  place  the  UTAV  under 
very  great  risk.  Such  a  mission  would  more  effectively  be 
undertaken  by  lower  cost  expendable  platforms,  perhaps 
flying  a  few  minutes  ahead  of  a  manned  raid. 

The  bulk  of  mobile  EO  /  IR  systems  associated  with 
mechanised  infantry  or  armoured  fomiations.  arc  short 
range  point  defence  weapons.  The  UTAV  may  avoid  most 
of  these  by  flying  at  a  medium  altitude.  The  presence  of 
low  cloud  would  in  any  ease  mask  the  majorit>’  of  EO  /  IR 
threats,  and  the  UTAV  could  make  use  of  cloud  for 
reduced  altitude  flying,  if  cloud  were  present  and  reliably 
detectable.  High  altitude  flight  would  introduce  the  risk  of 
leaving  a  vapour  -  trail  which  would  severely  compromise 
stealth  in  the  visible  wavebands. 

9.2  Minimising  Danger 

If  the  UTAV  platform  is  detected  by  a  threat  radar,  it  is  in 
danger.  This  danger  could  be  reduced  by  avoidance 
tactics,  but  assuming  that  avoidance  is  not  possible  or  not 
desirable  at  some  phase  of  the  mission,  then  there 
remains  the  possibility  of  confusion  of  the  surveillance. 
The  objective  is  to  protect  the  platform  by  degrading  the 
threat’s  ability  to  hand  over  from  detection  to  tracking. 

This  may  be  achieved  by  some  combination  of  stealth  in 
the  high  RF  bands  typical  of  tracking  and  fire-control 
radars,  ECM,  and  decoys.  The  optimum  point  in  the  cost 
-  performance  trade-off  will  be  dependent  upon  the  role 
of  the  UTAV. 

Stealth  can  be  enhanced  against  a  particular  threat  radar 
by  flying  in  its  Doppler  or  MTl  notch.  If  the  radar  must 
be  approached,  then  stealth  can  be  enhanced  by  flying 
slowly,  placing  the  UTAVs  Doppler  or  MTI  return  closer 
to  that  of  the  ground  clutter.  If  an  RF  jammer  is  carried 
for  a  raid  -  support  role,  then  an  ECM  capability  for  self 
protection  may  be  added  at  minimal  cost. 


Some  styles  of  UTAV  may  be  required  to  approach  a 
threat  system  in  order  to  deliver  a  lethal  payload.  In  such 
eases  the  only  remaining  option  for  reducing  the  risk  of 
engagement  is  low  flying  to  make  the  maximum  use  of 
terrain  screening. 

A  UTAV  flying  ahead  of  a  manned  raid,  will  relay  threat 
locations  back  to  the  manned  aircraft.  Pilots  may  then 
choose  to  respond  with  some  form  of  hard  kill,  to  clear  a 
path  for  themselves,  and  of  course  for  the  UTAV. 

9.,1  Countermeasures 

DAS  countermeasures  represent  the  final  layer  of 
platfonn  self  -  protection,  invoked  only  if  a  threat  is 
engaging  the  platform. 

The  major  threat  systems  challenging  UTAVs  used  in 
ELIXT  or  stand-off  jamming  will  employ  RF  guided 
medium  to  long  range  missiles.  The  principal  RF  alerting 
device  in  traditional  aircraft  DAS  is  the  radar  warning 
receiver  (RWR).  giving  both  the  type  of  threat  and  its 
direction  of  arrival.  Now  the  EC  -  UTAV  will  be 
equipped  with  an  advanced  ESM  as  part  of  its  primary 
sensor  suite,  and  RWR  functionality  can  be  added  to 
ESM  at  marginal  cost.  Certainly  it  would  neither  be 
necessary  nor  cost  effective  to  propose  a  stand-alone 
RWR. 

Once  alerted  to  a  locked  on  tracking  threat  or  to  an 
incoming  active  missile  seeker,  the  simplest 
countermeasure  is  to  turn  to  place  the  threat  on  the  beam. 
This  has  the  effect  of  placing  the  platform  in  the  Doppler 
or  MTI  notch  of  the  threat  radar,  and  combined  witli  the 
platform’s  low  inherent  signature  may  have  some  success 
in  breaking  lock. 

Manoeuvre  is  a  simple  and  cost  effective  countermeasure. 
More  robust  countermeasures  arc  feasible  but  introduce 
additional  cost  and  weight  penalties. 

Chaff  has  been  used  as  a  counter  to  radar  systems  since 
the  second  world  war.  The  use  of  chaff  for  self  screening 
can  be  effective  in  the  ease  of  slow  moving  assets,  such 
as  air-ship-type  UTAVs.  The  principal  self-protection  use 
of  chaff  from  a  UTAV  would,  however,  be  as  a  decoy 
target,  in  conjunction  with  UTAV  manoeuvre,  to  break 
the  lock  of  a  tracking  radar.  Chaff  is  not  costly,  but  it  is 
expendable,  implying  a  weight  and  volume  a  trade-off  in 
the  number  of  shots  of  chaff  which  arc  to  be  carried  on  a 
mission. 

RF  Jammine  or  ECM  offers  a  wide  range  of  techniques  to 
counter  RF  threats.  Systems  arc  costly,  but  if  restricted  to 
the  role  of  self-protection  jamming,  weight  and  power 
use  can  be  contained  within  reasonable  limits.  ECM  has 
the  advantage  over  chaff  of  being  re-usable,  it  also  offers 
additional  functionality  in  support  of  the  UTAVs  primary 
ETINT  role. 
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The  problems  associated  with  protection  against  EO,  IR 
and  laser-guided  threats  are  considerable.  The  bulk  of 
such  threats  will  not  alert  the  UTAV  in  any  way  until  a 
missile  is  launched  or  a  gun  fired.  Thus  a  missile  launch 
and  approach  wamer  becomes  highly  desirable, 
particularly  in  protecting  a  costly  UTAV  such  as  one 
carrying  both  ESM  and  SAR. 

Flares  of  some  sort  would  be  the  most  practical 
countermeasure  reaction  to  a  missile  alert.  Flares,  like 
chaff  cartridges  are  expendable,  implying  a  weight  and 
volume  a  trade-off  in  the  number  of  shots  to  be  carried. 

If  anti-air  ARMs  are  considered  a  threat  then  EMCON 
(i.e.  switch  off  of  all  active  RE  devices)  plus  manoeuvre 
must  be  invoked  along  with  flare  deployment  -  an 
MLAW  cannot  distinguish  between  an  IR  guided  missile 
and  an  ARM. 

IR  jammers  tend  to  be  costly  and  bulky,  however  there  is 
one  style  of  jammer  which  does  not  require  the  addition 
of  a  missile  approach  wamer  to  cue  its  operation.  Such 
un-cued  jammers  compromise  stealth  in  the  IR  bands, 
and,  without  the  presence  of  a  MAW,  there  would  be  no 
warning  of  nor  protection  against  ARMs. 

Laser  Warning  Receivers  are  practical,  and  need  not  be 
particularly  bulky.  They  can  effectively  alert  the  UTAV 
to  the  presence  of  laser  threats  of  all  types. 

In  summary,  the  favoured  solution  against  surface-based 
EO,  IR  and  laser-guided  threats  is  avoidance  wherever 
possible.  DAS  -  style  wamers  and  countermeasures 
impose  penalties  in  terms  of  cost,  weight  and  volume, 
however  in  the  case  of  UTAVs  carrying  costly  active  RE 
payloads,  these  penalties  are  likely  to  have  to  be  borne. 

10.  AIRBORNE  THREATS 

The  prospect  of  an  electronic  combat  UTAV 
encountering  fighter  aircraft  is  realistic  only  when  facing 
a  sophisticated  enemy  possessing  a  well  co-ordinated  air 
defence  network,  and  an  efficient  airforce.  In  such 
circumstances,  however,  the  threat  from  manned  aircraft 
is  a  considerable  one.  Enemy  airborne  interceptors  are 
likely  to  carry  a  mix  of  medium  to  long  range  air  to  air 
missiles  both  RE  and  IR  guided,  and  possibly  air-to-air 
ARMs.  Additionally  they  may  carry  cannon  for  close 
combat,  and  can  make  use  of  their  jet-wakes  to  dismpt 
light  air  vehicles. 

Anti-air  helicopters  would  pose  little  threat  to  any  UTAV 
flying  at  medium  altitude,  unless  equipped  with  an 
advanced  “look  -  up  -shoot  -  up”  capability. 

UTAVs  employed  in  organic  support  of  raids  will  be 
followed  by  manned  aircraft.  We  can  assume  that  the 
raid’s  strike  aircraft  will  represent  the  highest  priority 
targets  for  the  enemy  interceptors.  A  raid  likely  to 
encounter  such  opposition  will  typically  include  fighter 
aircraft  to  deal  with  enemy  interceptors. 


10.1  Threat  Avoidance 

The  typical  UTAV  will  not  be  able  to  out  run  or  out  fly  a 
fixed  wing  interceptor  aircraft.  Consequently,  any 
avoidance  strategy  must  rest  upon  avoiding  detection  by 
the  long-range  systems  used  to  vector  the  fighters  to  their 
target,  and  upon  detection  by  the  fighters’  airborne 
intercept  radar  and  IR  search  and  track  systems.  Ultra 
high  altitude  operation  is  a  possible  strategy,  but  largely 
outside  the  scope  of  UTAVs  for  electronic  combat. 

These  considerations  push  toward  the  more  stealthy 
UTAV  options,  making  use  of  off-board  decoys  or  on¬ 
board  ECM  for  the  prime  task  of  provoking  the  air 
defences  into  action.  If  the  UTAV  cannot  be  detected  by 
long  range  systems,  then  fighters  cannot  be  vectored 
against  it  .  If  there  is  a  significant  risk  of  fighters  being 
vectored  towards  the  UTAV,  then  we  can  consider 
reducing  the  tracking  accuracy  of  detecting  system,  with 
some  mix  of  stealth,  low  speed  flying,  manoeuvre  and 
ECM.  Enemy  airborne  early  warning  radars  are  likely  to 
have  the  ability  to  form  high  quality  tracks,  hence  ECM 
efforts  should  be  directed  towards  them. 

10.2  Minimising  Danger 

Assuming  that  the  UTAV  can  successfully  deny  high 
accuracy  tracking  to  the  enemy,  then  incoming  fighters 
will  have  to  search  for  the  UTAV  using  AI  radar,  and  IR. 
Against  these  threats,  stealth  in  the  high  radar  bands,  and 
in  the  IR,  become  most  important. 

The  SEAD  or  FLINT  UTAV  will  carry  ESM  /  RWR  to 
warn  of  the  presence  of  hostile  Airborne  Interceptor 
radars.  The  danger  they  present  may  be  reduced  by 
presenting  the  AI  radar  with  the  minimum  radial  velocity. 
This  may  be  achieved  by  turning  to  place  the  threat  on 
the  beam,  and  by  flying  the  UTAV  at  its  minimum  air 
speed.  Some  forms  of  ECM  may  also  be  appropriate. 

At  close  quarters  the  enemy  pilot  will  try  to  acquire  the 
UTAV  visually,  the  stealth  emphasis  here  must  be  in  the 
visible  and  IR  bands,  ensuring  minimum  observability. 

10.3  Countermeasures 

The  responses  to  a  locked  on  RE  tracker,  or  an  incoming 
RE  missile,  have  been  discussed  above,  and  are  really  no 
different  with  regard  to  air-to-air  threats.  The  platform 
must,  however,  face  the  possibility  of  a  medium  or  long 
range  shot  using  an  IR  missile.  It  was  argued  above  that  a 
suite  of  IR  wamers  and  countermeasures  is  unlikely  to  be 
cost  effective,  except  for  a  high  value  UTAV  carrying 
active  SAR. 

Short  range  cannon  may  be  effective  against  a  UTAV, 
but  typically  it  will  present  a  small  and  difficult  target. 
The  jet  wake  of  a  fighter,  particularly  using  an 
afterburner,  is  potentially  destmctive  over  a  large 
volume.  There  is  no  DAS  countermeasure  to  this  type  of 
attack,  but  some  hardening  of  the  airframe  and  its 
aerodynamics  may  be  possible. 
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Some  forms  of  UTAV  will  carry  lethal  payloads  for 
deployment  against  their  ground  targets,  and  in  some 
cases  these  may  be  usable  against  fighter  aircraft.  The 
problem  lies  in  the  targeting  and  fire  control  associated 
with  such  a  weapon;  the  solution,  if  any,  is  likely  to 
depend  upon  the  presence  of  remote  manual  control  of 
the  UTAV. 

11.  AUTOMATED  RESPONSES 

A  UTAV  will  be  required  to  derive  its  own  defensive 
responses  to  the  situation  it  finds  itself  in.  A  totally 
manual  style  of  decision  making  and  control,  through 
remote  piloting,  is  an  option,  but  not  an  attractive  one. 
Practically,  a  great  deal  of  autonomy  will  be  required. 
Key  to  decision  making  is  knowledge  of  the  environment 
or  “situation  awareness”. 

11.1  Situation  Awareness 

Situation  Awareness  is  a  much  used  term  with  a  variety 
of  meanings.  In  the  context  of  an  EC  UTAV,  this  paper 
suggests  a  definition  that 

“Situation  awareness  comprises  an  up  to  date  mission 
library  (or  database)  of  own  forces,  neutrals,  targets 
and  threats,  in  terms  of  their  positions  and  headings; 
their  identities,  their  capabilities  and  technical 
parameters;  their  groupings  and  intentions  (as  far  as 
can  be  deduced)  and  of  the  priority  of  each  threat  .” 

Situation  awareness  exists  against  the  baekground  of  the 
UTAV’s  own  position,  own  mission  objectives,  the  local 
terrain  and  local  conditions. 

In  most  current  manned  air  platforms  situation  awareness 
exists  almost  entirely  in  the  pilot’s  mind.  Some  elements 
of  it  exist  within  the  various  sensor  and  effector 
subsystems,  but  the  pilot  alone  must  perform  the  overall 
data  fusion  task;  filtering,  summarising  and  prioritising 
what  he  sees.  In  an  UTAV,  situation  awareness  must  be 
implemented  as  a  subsystem,  performing  data  fusion  at 
all  levels. 

11.2  Data  Fusion 

Data  fusion  represents  a  family  of  tools  and  approaches 
to  the  problem  of  forming  situation  awareness.  The  term 
embraces  a  variety  of  levels,  or  areas  of  interest;  for 
example: 

•  image  fusion  at  pixel  level; 

•  association  of  new  measurements  with  each  other  and 
with  currently  tracked  entities; 

•  fusion  of  mea.surements  and  current  tracks  to  form 
updated  kinematic  tracks; 

•  classification  of  entities  by  track  analysis,  and  clutter 
removal; 

•  fusion  of  declared  identities  of  entities; 

•  association  of  entities  into  groupings,  forming  an  air- 
picture; 

•  fusion  of  evidence  or  assumptions  of  intent,  forming 
threat  priorities; 

•  responses,  tactical  advice,  and  reactions 


A  variety  of  methods  and  algorithms  exist  for  the 
implementation  of  each  level  of  data  fusion.  The  table 
below  summarises  these  against  the  JDL  four-layer  model 
of  data  fusion  processes  -  OODR  (Observe,  Orient, 
Decide,  React): 


Level 

Function  // 

Techniques 

1 

(Observe) 

Association  (of  plots  or  tracks)  // 
Mathematical  techniques  e.g.  nearc.st 
neichbour. 

1 

(Obserce) 

Fusion  of  plots  or  tracks  to  form  entities  // 
Mathematical  techniques  e.g.  Kalman 
filters,  winning  sensor. 

1 

(Observe) 

Classify  entities,  de-elutter// 

Pseudo  -  sensor  analysis  of  track  dynamics. 

1 

(Observe) 

Identify  entities  // 

Probabilistic  techniques  e.g.  Baysian 
(STAN  AG  4162),  Dempster  -  Shafer; 

Rule  -  based. 

2 

(Orient) 

Picture  formation  (entities  »  groups)  // 
Rule  -  based,  reasoning  tools. 

3 

(Decide) 

Threat  Prioritisation  // 

Rule  -  based,  game  -  playing. 

4 

(React) 

Reactions  // 

Rule  -  based,  hill-climbing,  optimal  control, 
database  lookup. 

11.3  Responses 

The  end  product  of  data  fusion  at  levels  1  to  3  is  a 
machine  held  siUiation  awareness.  This  exists  only  to  be 
used  by  the  routines  which  will  control  the  UTAV’s 
responses. 

The  principal  response  packages  will  be: 

•  Mission  re-planning,  re-routing  to  avoid  threats  whilst 
fulfilling  the  mission  requirements  of  data  collection, 
coverage  of  areas,  time  on  station,  and  recoverability. 

•  Tactical  manoeuvre  control. 

•  Allocation,  timing  and  control  of  DAS 
countermeasures. 

•  Targeting,  allocation,  firing  and  control  of  any  lethal 
systems  carried. 

•  Moding  and  tasking  of  EC  and  other  sensor  assets. 

•  Reporting  back  of  the  situation  to  the  command  centre 
responsible  for  the  UTAV  mission,  and  to  other 
interested  allied  assets. 

An  overall  response  control  function  will  be  needed  to 
allocate  classes  of  response  and  resources  to  each 
response  package.  Manual  overrides  may  be  allowed  if 
there  is  remote  piloting  or  decision  making. 


26-9 


12.  RULES  OF  ENGAGEMENT 

The  difficulties  associated  with  the  application  of  rules  of 
engagement  to  UTAV  missions  affect  both  the  concepts 
of  operation  and  the  self  protection  strategy. 

12.1  Operations  Other  Than  War 

The  rules  of  engagement  associated  with  peace  keeping 
and  humanitarian  aid  operations  tend  to  be  the  most 
restrictive,  precluding  lethal  responses  in  almost  all 
circumstances.  A  non- lethal  UTAV  involved  in  electronic 
combat  is  most  likely  to  fulfil  a  surveillance  (ELINT) 
role.  Threats  may  be  faced,  so  countermeasure  strategies 
must  be  considered.  Threats  are  likely  to  be  isolated, 
uncoordinated  and,  mostly,  unsophisticated. 

In  order  to  safeguard  life  and  property,  any  use  of  DAS 
expendables  must  be  carefully  regulated.  Flares  pose 
obvious  hazards  should  they  hit  the  ground  burning.  At 
low  level,  flares  would  not  be  an  option,  although  at 
medium  or  high  altitudes  they  could  be  quite  safe. 

These  considerations  push  the  countermeasure  strategy 
towards  stealth  and  threat  avoidance.  Flying  at  medium 
altitude  will  avoid  the  bulk  of  small  arms,  AAA  and  IR 
guided  threats.  Sophisticated  air-defence  surveillance 
networks  are  most  unlikely  to  be  encountered  in  these 
operations,  but  the  occasional  mobile  SAM  could  be 
present;  indeed  locating  these  will  be  one  of  the  main 
objectives  of  the  UTAV  mission.  The  favoured 
countermeasure  against  RF  systems  is  ECM.  Jamming 
offers  a  non-lethal  (soft)  kill  of  the  launcher  (by 
disrupting  the  engagement  sequence)  or  of  a  missile  in 
flight.  The  missile  or  its  debris  will  fall  to  earth 
somewhere:  this  is  unavoidable. 

The  use  of  ECM  in  operations  other  than  war  may  be 
almost  unrestricted.  The  only  exception  is  where  it  could 
pose  a  hazard  to  civil  air  traffic.  Such  hazards  should  be 
minimised  at  the  mission  planning  stage  -  avoiding  civil 
air  lanes.  The  presence  of  the  UTAV  itself  in  a  civil  air 
lane  would  pose  a  risk  of  collision  far  greater  than  any 
risk  from  its  ECM. 

12.2  Intense  Conflict 

War  scenarios  are  not  without  rules  of  engagement.  The 
control  of  UTAVs  carrying  any  sort  of  lethal  payload  is 
problematie,  and  in  the  foreseeable  future  the  solution 
will  lie  in  remote  manual  intervention. 

Parallels  may  be  drawn  with  cruise  missiles  and  stand-off 
weapons  dispensing  submunitions,  however  there  is  an 
essential  difference.  Stand  off  weapons  are  dispatched 
against  a  specific  target  or  target  area,  implying  that  the 
surveillance,  identification  and  acquisition  tasks  have 
already  been  carried  out  and  confirmed,  and  that  the 
mission  has  been  judged  safe  in  terms  of  its  potential  for 
endangering  civilians  or  allied  assets.  The  lethal  UTAV 
electronic  combat  mission,  in  contrast,  is  one  of 
surveying  an  unknown  area,  identifying  and  locating 
targets  (mobile  ADUs  for  example),  then  attacking.  It  is 
most  likely  that  visual  confirmation  will  be  required,  if, 
for  example,  an  ADU  is  located  within  a  built  up  area,  or 
close  to  known  positions  of  allied  forces. 


The  lethal  UTAV  must,  therefore,  carry  two  way 
communications  links  passing  sensor  data  to  a  controlling 
location,  and  receiving  command  instructions.  It  is  also 
likely  that  IFF  and  some  EO  /  IR  imaging  must  be 
carried.  Imaging  would  also  allow  the  lethal  UTAV  to 
collect  some  battle  damage  information  after  its  attack. 

The  problems  of  controlling  non-lethal  UTAVs  are  less 
severe,  however  DAS  countermeasure  responses  could,  in 
some  cases,  endanger  allies  or  civilians.  Flare  and  chaff 
deployments  present  the  same  problems  in  intense 
conflict  as  in  they  do  operations  other  than  war,  but  the 
level  of  acceptable  risk  will  be  higher.  Non  lethal 
countermeasures  such  as  manoeuvre,  ECM  and  IR 
jamming  will  be  preferred  over  other  forms,  as  these 
present  the  least  risk  to  allies  and  to  civilians. 
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GLOSSARY 

ADU 

Air  Defence  Unit 

AFV 

Armoured  Fighting  Vehicle 

AI 

Airborne  Interceptor 

ARM 

Anti-Radiation  Missile 

D3 

Dull,  Dirty  and  Dangerous 

D4 

Dull,  Dirty,  Dangerous,  and  Dollars 

DAS 

Defensive  Aids  Suitc(s) 

DASS 

Defensive  Aids  Sub-Systcm(s) 

DERA 

Defence  Evaluation  and  Research 
Agency 

EC 

Electronic  Combat 

ECM 

Electronic  Counter-Measures 

ELTNT 

Electronic  Intelligence 

EM 

Electro-Magnetic 

EMCON 

Emission  Control 

EO 

Electro  Optic 

ESM 

Electronic  Surveillance  (or  Support) 
Measures 

IR 

Infra  Red 

JDL 

Joint  Directors  of  Eaboratorics 

LWR 

Laser  Warning  Receiver 

MANPADS 

Man  Portable  Air  Defence  Systems 

MLAW 

Missile  Launch  and  Approach  Warner 

mmW 

millimctric  wave  (radar) 

MTl 

Moving  Target  Indication 

OODR 

Observe,  Orient,  Decide,  React 

RF 

Radio  Frequency 

RISTA 

Reconnaissance,  Information 
Surveillance  and  Target  Acquisition 

RWR 

Radar  Warning  Receiver 

SAR 

Synthetic  Aperture  Radar 

SEAD 

Suppression  of  Enemy  Air  Defences 

TV 

Television 

UAV 

Uninhabited  Air  Vehicle 

UCAV 

Unmanned  Combat  Air  Vehicle 

UTAV 

Unmanned  Tactical  Air  Vehicle 

APPENDIX  A  -  Example  Platform 

Name:  Scarab 

Company:  Tclcdync  Ryan.  USA 

Status:  In  service  (Egypt  1988) 


PERFORMANCE  &  DIMENSIONS 


Range: 

Altitude  ceiling: 
Maximum  speed: 


1000  km 

13100m  (42900  ft) 

235  m's  (400  Knots.  530  Mpli, 
850  kph) 


Length:  6.15m 

Wingspan:  3.35m 

Height:  0.86m 

Maximum  weight:  1077  Kg 


Launch: 

Recovery: 

Propulsion: 

Guidance: 


Rocket  assisted  take-off  (RATO) 
Parachute  and  airbag 
1  X  Tclcdync  CAE,  373-8c  Turbojet 
Inertial  and  GPS  navigation, 
pre-programmed  or  by 
remote  control 


PAYLOAD 

Payload  weight:  131.5  Kg 

Payload:  Storage  daylight  camera  /  TV  / 

infrared  line  scanner 
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Small  Effective  Air-to-Surface  Munitions  for  Unmanned 
Tactical  Aircraft  Applications 


D.  R.  Brubaker 

Wright  Laboratory  Armament  Directorate 
Munitions  Assessment  Division 
Technology  Assessment  Branch  (WUMNSA) 
101  West  Eglin  Blvd,  Suite  326 
Eglin  AFB,  Florida,  32542-6810 
USA 


1.0  SUMMARY 

This  paper  describes  two  emerging  munition 
technologies  beneficial  to  Unmanned  Tactical 
Aircraft  (UTA)  and  attempts  to  define  a 
necessary  weapon  load  capability.  To 
determine  a  weapon/loadout  combination  that 
maximized  the  lethal  effectiveness  of  an  UTA 
while  minimizing  the  payload  weight  required, 
a  mission  level  analysis  was  conducted  and 
concludes  that  a  minimum  of  1000-lb  (454  kg) 
of  payload  provides  an  UTA  a  viable  air-to- 
ground  combat  mission  capability.  A  2000-lb 
(908  kg)  payload  provides  an  increased 
effectiveness  but  must  be  contrasted  with  the 
associated  increase  in  UTA  cost,  size,  weight 
and  propulsion  needed  to  employ  the 
additional  payload  weight. 

2.0  INTRODUCTION 

As  the  name  implies,  an  Unmanned  Tactical 
Aircraft  (UTA),  has  a  mission  requirement  to 
provide  a  combat  capability  as  opposed  to  only 
a  non-combat  mission  role,  such  as  providing 
reconnaissance,  surveillance,  or  assessment  of 
battle  damage  to  enemy  targets.  Currently,  to 
provide  a  combat  capability  against  fixed-soft, 
fixed-hardened  and  stationary  ground  targets, 
the  UTA  must  be  capable  of  carriage  and 
deployment  of  air-to-surface  munitions. 
Unfortunately,  a  payload  capability  equivalent 


to  only  one  2000  pound  (908  kg)  class 
munition  may  require  the  UTA  design  to 
increase  in  size  beyond  what  is  acceptable  with 
respect  to  cost  and/or  logistic  goals.  Smaller, 
high  precision,  autonomous  munitions  have 
been  envisioned  to  provide  the  UTA  with  a 
desired  level  of  combat  capability.  Enabling 
technologies  being  developed  and 
demonstrated  in  US  Air  Force  laboratories  are 
beginning  to  provide  new  small  weapon 
systems  well  suited  to  an  UTA  role.  It  is  clear 
that  a  selection  of  munition  options  for  UTA 
operations  is  critical  to  maximizing  the  utility 
and  mission.  Additionally,  a  system 
engineering  approach  is  necessary  to  ensure 
that  the  munitions  be  incorporated  into  the 
UTA  design  early  in  the  development  phase 
especially  since  the  munitions  play  such  a  key 
role  in  providing  the  basis  for  the  desired 
combat  capability. 

3.0  MUNITIONS 

3.1  Low  Cost  Autonomous  Attack  System 
(LOCAAS) 

LOCAAS  has  successfully  merged  three  newly 
developed  technologies  into  a  weapon  that 
could  change  the  nature  of  air-to-surface  anti¬ 
materiel  warfare.  When  the  compact  airframe 
design  is  fitted  with  a  state-of-the-art 


Paper  presented  at  the  AGARD  MSP  Symposium  on  “System  Design  Considerations  for  Unmanned  Tactical 
Aircraft  (UTA)",  held  in  Athens,  Greece,  7-9  October  1997,  and  published  in  CP-594. 
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sensor/seeker,  and  an  adaptable  warhead 
system  the  results  are  a  highly  capable  weapon 
system  that  puts  all  fixed-soft,  mobile  and 
relocatable  targets  at  risk.  LOCAAS  offers 
numerous  benefits  to  the  battle  managers. 
Launch  platforms  will  be  held  out  of  harms 
way  due  to  the  standoff  capability.  Platforms 
carrying  twelve  LOCAAS  units  have  the  lethal 
capability  of  6  platforms  each  carrying  two 
‘Maverick’  missiles.  The  increase  in  sortie 
effectiveness  should  increase  the  tempo  of  the 
conflict  as  well. 

LOCAAS  houses  a  Laser  Detection  and 
Ranging  (LADAR)  seeker  developed  to 
accurately  and  autonomously  acquire,  classify, 
and  track  targets  during  the  attack.  With  this 
capability,  LOCAAS  scans  the  battlefield, 
finds  potential  targets,  and  then  switches  into  a 
“track”  mode  to  differentiate  between  tanks, 
trucks,  missile  launchers  and  radar  sites.  Once 
the  LADAR  unit  determines  a  valid  target  the 
computer  selects  the  appropriate  kill 
mechanism  to  maximize  the  lethal 
effectiveness.  The  multi-mode,  shaped-charge 
warhead  can  selectively  fire  an  armor 
penetrating  ‘long-rod’  if  the  target  is  heavily 
armored,  such  as  a  battle  tank.  If  the  target  is 
lightly  armored  or  protected  by  reactive  armor 
the  warhead  can  select  a  penetrating  ‘aero- 
stable  slug’.  Finally,  if  the  target  is  ‘soft’  or 
thin-skinned  like  a  surface-to-air  missile 
launcher,  radar  site,  or  theater  ballistic  missile, 
the  warhead  can  operate  in  a  fragmentation 
mode  to  distribute  lethal  fragments  over  a 
large  area.  This  unique  warhead  achieves  the 
three  modes  of  operation  by  selectively 
detonating  high  explosive  behind  a  copper 
plate.  One  mode  forms  the  plate  into  a  long 
rod.  The  second  mode  forms  the  aero-stable 
slug  and  the  third  mode  causes  the  plate  to 
break  into  multiple  fragments. 

The  LOCAAS,  shown  in  Figure  1 ,  is  30  inches 
(76.2  cm)  long  and  weighs  approximately  100- 


lbs  (45.4  kg).  A  miniature  turbo-jet  engine 
provides  100  nautical  miles  (185.2  km)  range 
and  the  ability  to  search  over  large  areas.  The 
small  size  provides  the  ability  to  package 
numerous  LOCASS  units  in  cun'cnt  and  future 
delivery’  platforms. 

Warhead  tests  have  been  completed 
successfully.  Seeker  testing  is  ongoing.  A 
short  non-powered  flight  test  has  demonstrated 
the  autonomous  search,  acquisition,  target- 
classification  and  attack  modes.  All-up  flight 
tests  will  occur  within  the  next  couple  of  years. 
Completion  of  the  LOCAAS  development  will 
provide  the  warfighter  a  very  effective 
munition  to  defeat  advancing  mechanized 
troops  as  well  as  perform  missions  to  suppress 
enemy  air  defenses  during  the  early  phases  of  a 
conflict  and  open  the  paths  for  air-to-surface 
munitions  like  the  small  smart  bomb  described 
next. 


Figure  1.  Full  Scale  Model  of  LOCAAS 


3.2  250-lb  (113.5  kg)  Pcnctrator 

At  the  time  of  this  writing,  the  operational 
capability  of  a  250-lb  (1 13.5  kg)  Small  Smart 
Bomb  (SSB)  concept  had  recently  been 
demonstrated  under  the  Miniaturized  Munition 
Technology  Demonstration  Program 
conducted  at  Wright  Laboratory  Armament 
Directorate  (WIVMN),  Eglin  Air  Force  Base, 
Florida.  The  Miniaturized  Munition 
Technology  Demonstration  (MMTD)  program 
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had  the  objective  of  developing  a  250-lb 
(1 13.5  kg)  class  munition  that  is  effective 
against  many  of  the  fixed  soft  and  hardened 
targets  previously  vulnerable  to  only  2,000-lb 
(908  kg)  class  munitions.  Figure  2  compares 
the  size  of  the  MMTD  test  vehicle  to  a  2000-lb 
(908  kg)  class  general-purpose  munition. 


Figure  2.  Full  Scale  Models  of  MMTD 
[upper]  and  2000-lb  (908  kg)  [lower] 


There  are  many  benefits  to  smaller  bombs,  the 
greatest  of  which  is  an  increased  loadout 
capability  for  fighter  and  bomber  aircraft. 

With  each  bomb  independently  targeted  and 
autonomously  guided,  the  number  of  targets 
killed  by  a  single  fighter  or  bomber  sortie  can 
be  tripled  or  even  quadrupled.  Besides  the 
capability  to  increase  sortie  effectiveness  and 
the  number  of  kills  per  pass,  the  smaller 
volume  and  weight  of  250-lb  (113  kg) 
munitions  versus  the  more  typical  2000-lb 
(908  kg)  munition  means  3  to  4  times  as  many 
bombs  can  be  transported  with  current  airlift 
capability;  allowing  a  much  more  rapid 
deployment  of  warfighting  capability  to  the 
region  of  conflict.  Another  benefit  is  that  the 
bomb’s  accuracy  and  lower  explosive  yield 
will  focus  the  lethality  on  the  target  while 
reducing  the  potential  for  collateral  damage  on 
friendly  forces  and  noncombatants  alike. 


While  these  benefits  are  evolutionary  in 
nature,  a  truly  revolutionary  benefit  can  occur 
when  aircraft  designers  take  advantage  of  the 
smaller  munitions  and  reduce  the  size  of 
aircraft  weapons  bays,  in  turn  reducing  the  size 
and  cost  of  future  aircraft  like  the  UTA. 

The  MMTD  goal  was  to  baseline  small  bomb 
technology  and  demonstrate  the  operational 
utility  of  a  250-lb  (1 13.5  kg)  class  precision- 
guided  munition.  The  MMTD  munition  used 
a  Differential  GPS/INS  system  to  achieve  a 
precision  guidance  accuracy  of  less  than  9.8 
feet  (3-meters)  CEP  against  a  surveyed  target. 
The  weapon  size  requirements  [6  inch 
diameter,  72  inch  length,  (182.9  cm)  and  250- 
lb  (1 13  kg)  total  weight]  meant  that  the 
warhead  design  space  was  relatively  small.  To 
achieve  the  reinforced  concrete  penetration 
goal  of  6  feet  (1.8  meters)  with  a  small, 
lightweight  weapon,  the  warhead  was  designed 
with  a  biconic  nose  shape.  The  Armament 
Directorate-developed  Hard  Target  Smart  Fuze 
(HTSF)  has  been  incorporated  into  the 
warhead  for  determining  the  optimum 
detonation  point.  This  fuze  has  the  ability  to 
discriminate  between  media  (concrete,  soil,  air, 
etc.)  and  determine  when  it  has  entered  a  void 
(room)  in  a  target  and  then  detonates  the  main 
explosive  charge.  The  goal  of  carrying  50-lbs 
(22.7  kg)  of  explosive  had  to  be  traded  off 
with  penetration/ survivability  goals.  The 
current  design  allows  42-lbs  (19.1  kg)  of  high- 
explosive  to  be  packaged  in  the  warhead.  The 
first  phase  of  the  MMTD  began  in  September 
1995  and  was  an  18 -month  effort  concluding 
in  March  1997.  Ground  tests  consisted  of 
cannon  and  sled  track  testing  for  penetration 
performance  and  arena  testing  for  determining 
warhead  lethality.  Five  flight  tests  were 
conducted  culminating  in  a  live  drop  against  a 
realistic  aircraft  shelter. 

On  25  June  1996,  the  first  penetration  and 
survivability  tests  of  the  final  warhead  design 
were  conducted.  The  initial  test  fired  the 
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warhead  into  a  6  foot  (1.8  meter)  block  of 
concrete  reinforced  with  1  -inch  (2.54  cm) 
rebar.  With  an  impact  velocity  of 
approximately  1200  feet  per  second,  (365.8 
meters  per  second)  the  warhead  successfully 
penetrated  the  target  and  exited  cleanly  on  the 
other  side  (Figure  4).  After  recovery  and 
inspection  of  the  warhead,  the  only  noticeable 
change  was  that  the  paint  was  stripped  off. 
Since  that  test,  the  warhead  has  been  shown  to 
penetrate  over  6  feet  (1.83  meters)  of 
reinforced  concrete  and  still  be  sur\'ivable  at 
impact  velocities  above  1400  feet  per  second, 
(426.8  meters  per  second)  impact  angels  of  70 
degrees,  and  angles  of  attack  up  to  2  degrees. 
Additional  tests  in  January  1997  successfully 
demonstrated  the  end-to-end  function  of  the 
warhead  with  a  live  Hard  Target  Smart  Fuze 
(HTSF)  and  live  explosive  fill  against  a  6  foot 
(1.83  meter)  reinforced  concrete  target. 

A  series  of  captive  flight  test  were  conducted 
prior  to  the  five  free-flight  tests,  which  began 
23  December  1997.  The  first  three  MMTDs 
were  released  from  altitudes  of  30000  (9.1 4 
km),  25000  (7.62  km),  40000  feet  (12.2  km) 
and  at  varying  distances  down-range  and  cross¬ 
range  from  the  reinforced  concrete  target  slabs. 
The  target  slabs,  measured  20  feet  (6.1  m)  by 
20  feet  (6.1  m)  and  3  feet  (.914  m)  thick  rested 
horizontally  on  the  ground.  The  bombs  all 
impacted  within  a  9.8  foot  (3  meter)  radius 
from  the  aimpoint.  Impact  velocities  greater 
than  1 100  feet  per  second  (335.4  meters  per 
second)  were  achieved  with  impact  angles  of 
approximately  83  degrees  from  the  horizontal 
and  less  than  a  1  degree  angle-of-attack.  The 
MMTD  penetrated  the  3  foot  (.914  m)  concrete 
slab  and  attempts  to  locate  the  warhead  from 
the  first  tests  ended  after  probing  40  feet  (12.2 
meters)  deep  in  the  soil. 

The  final  flight  test  was  conducted  to 
demonstrate  the  operational  utility  of  the  small 
bomb  concept.  Two  weapons  were  dropped 


one  second  apart  on  a  single  pass  against  two 
individual  targets  separated  by  roughly  300 
feet  (91 .4  meters).  Each  weapon  successfully 
guided  to  their  intended  target  after  being 
released  from  40000  feet  (12.2  km)  altitude. 
The  MMTDs  were  released  over  10  nautical 
miles  (18.52  km)  down  range  and  off-axis 
from  the  target  requiring  the  weapons  to 
maneuver  to  impact.  The  warheads  entered 
overcast  weather  from  30000  feet  (9.14  km)  to 
2000  (0.61  km)  feet  thereby  demonstrating  the 
all  weather  capability.  After  release  the  pilot 
turned  away  from  the  target  and  although 
egressing  subsonic,  was  over  20  nautical  miles 
(37  km)  from  the  target  location  at  weapon 
impact. 


Figure  3a.  Pre  Test  Results 


Figure  3b.  Post  Test  Results 
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One  inert  weapon  demonstrated  the  folding  fm 
mechanism  and  successfully  guided  to  its 
target,  which  was  a  dummy  aircraft  shelter. 

The  second  weapon  carried  42-lbs  (19.1  kg)  of 
tritonal  and  a  live  fuze.  The  aircraft  shelter 
target  for  this  second  weapon  was  covered  by 
roughly  6  feet  (1.8  meter)  of  soil  and  a  layer  of 
concrete.  Additionally,  a  retired  A-7  aircraft 
was  parked  inside  the  shelter  and  the  shelter 
doors  were  left  open  for  camera  coverage  of 
the  test.  The  live  warhead  guided  to  the 
target,  penetrated  the  shelter  and  detonated  at 
the  desired  location  determined  by  the  hard 
target  smart  fuze.  Figure  3  reveals  the 
catastrophic  damage  to  the  aircraft  from  the 
MMTD  detonation. 

The  success  of  the  MMTD  program  has 
demonstrated  that  the  technology  necessary  to 
develop  a  small  smart  bomb  is  currently 
available  and  that  the  weapon  concept  can 
provide  a  multiple  kills-per-pass  capability.  A 
second  phase  of  MMTD  tests  is  planned  for 
FY99-02  and  may  include  the  integration  of  a 
terminal  seeker,  wing-kit  for  increased 
standoff,  and  anti-jam  GPS  technology  into  the 
baseline  weapon.  Additional  future 
opportunities  to  demonstrate  the  capability  of 
the  small  smart  bomb  could  include  integration 
of  the  munition  on  an  uninhabited  aerial 
vehicle  (UAV)  in  the  newly  formed  UAV 
battle  lab  at  Eglin  AFB. 

4.0  ANALYSIS 

4.1  Munitions 

Although  small  autonomous  munitions  for 
both  fixed  and  mobile  targets  are  being 
developed  at  Eglin  that  are  applicable  for  an 
UTA  role  this  analysis  involved  only 
munitions  for  fixed  and  relocatable  targets. 

The  decision  was  based  on  the  fact  that 
munitions  for  fixed  targets  require  greater 
payload  capacity  therefore  they  would  drive 
the  UTA  weapon  carriage  requirements.  An 


UTA  with  a  fixed  target  capability  would  then 
also  have  the  ability  to  carry  smaller  mobile 
target  munitions,  i.e.  LOCAAS,  described  in 
this  report.  Three  fixed  and  relocatable  target 
weapons  were  used  in  this  study,  a  1000-lb 
(454  kg)  general  purpose,  1000-lb  (454  kg) 
penetrator  and  a  250-lb  (113  kg)  penetrator. 

All  munition  effectiveness  numbers  were 
based  on  26  foot  (8  meter)  and  10  foot  (3 
meter)  Circular  Error  Probable  (CEP)  accuracy 
estimates.  The  26  foot  (8  meter)  accuracy  is 
obtained  from  an  Inertial  Navigation  System  / 
Global  Positioning  System  (INS/GPS) 
guidance  scheme.  A  terminal  seeker  is 
assumed  be  required  to  achieve  the  10  foot  (3 
meter)  accuracy. 

4.2  Target  List 

It  is  important  here  to  define  the  terminology 
that  will  be  used  to  describe  targets  in  this 
report.  Target  types  include  fixed  soft,  fixed 
hard,  stationary  and  mobile.  Fixed  targets 
include  buildings,  underground  bunkers, 
aircraft  shelters,  etc.  Each  of  these  fixed 
targets  could  be  “soft”  or  “hard”.  The 
distinction  although  somewhat  subjective,  in 
this  paper  refers  to  whether  construction 
methods  are  employed  specifically  to  protect 
the  target  from  damage  due  to  blast,  fragment 
and/or  penetration.  A  stationary  target  is 
understood  to  represent  a  target  that  can  be 
moved,  but  which  requires  time  and 
dismantling  prior  to  transportation.  As  an 
example,  a  Transporter,  Erector,  Launcher 
(TEL)  would  be  considered  a  stationary  target 
since  the  launcher  requires  dismantling  and 
stowage  before  it  can  be  moved.  Mobile 
targets  include  trucks,  battle-tanks,  armored 
personnel  carriers,  etc. 

A  target  “type”  also  can  consist  of  unitary  or 
multiple  elements.  A  unitary  target  type  would 
be  a  single  building,  for  example,  while  a 
multiple  element  target  type  could  be  a 
Petroleum,  Oils,  and  Lubrication  (POL)  field 
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containing  numerous  POL  storage  tanks. 

Thus,  a  POL  target  with  10  POL  tanks  would 
be  a  single  target  “type”  with  1 0  target 
“elements”.  A  kill  of  this  POL  target  would 
result  in  up  to  10  target  elements  killed.  A 
theater  can  contain  many  target  types  and 
multiples  of  each  type  with  each  type  having 
one  or  more  elements. 

The  targets  selected  for  this  analysis  contained 
61  different  target  types  resulting  in  3720  total 
targets  and  34930  total  elements.  Table  1 
gives  a  breakdown  of  these  targets  by  type  and 
quantity.  No  personnel  or  mobile  targets  were 
included  in  this  target  set. 


Target 

Type 

Number 
of  Types 

Total 

Number  of 
Elements 

Hard,  Fixed 

22 

1458 

Soft,  Fixed 

32 

19828 

Relocatable 

7 

522 

Table  1.  Target  List  by  Type  and 
Quantity 


4.3  Loadout 

Various  loadout  configurations  were  used 
with  each  of  the  appropriate  weapons  in  this 
study.  Load  outs  of  1  and  2  were  used  for  the 
1000-lb  (454  kg)  munition  while  a  for  the  SSB 
the  loadouts  were  varied  between  2,  4,  and  8. 
By  varying  the  loadout  options  it  was  possible 
to  investigate  the  effect  of  loadout  and  to 
determine  an  optimum  loadout  quantity.  2000- 
lb  (908  kg)  munitions  were  not  used. 

4.4  Methodology 

Analysis  was  accomplished  using  accepted 
procedures  as  defined  by  the  Joint  Technical 
Coordinating  Group  for  Munitions 
Effectiveness  (Air-to-Surface).  Standard  Joint 
Munitions  Effectiveness  Manuals  and  the 


“Open-End  Methods”  (Reference  2)  were  used 
throughout. 

5.0  RESULTS 

Prior  to  reviewing  the  results  of  the  analysis  it 
is  important  to  understand  the  figure  of  merit 
used  to  draw  conclusions.  The  term  Expected 
Kills  per  Sortie  (EKS)  represents  the  ability  of 
a  deliver)'  platform  to  defeat  multiple  targets 
on  a  single  sortie  and  is  indicative  of  the 
number  of  weapons  that  can  be  carried  and 
deployed  by  that  platform.  The  average  EKS 
is  simply  the  total  number  of  elements  in  the 
target  set  divided  by  the  total  number  of  sorties 
needed  to  kill  all  the  elements  in  that  same 
target  set.  It  should  be  remembered  that  some 
munitions  will  be  more  efficient  at  defeating 
some  target  type/elements,  and  much  less 
efficient  at  others.  Computing  an  average  will 
result  in  a  loss  of  this  fidelity,  however  an 
average  is  an  indication  of  the  pervasiveness  of 
a  munition's  effectiveness  across  all  targets 

The  following  figures  will  provide  insight  as  to 
the  UTA  loadouts  necessary  to  achieve  a 
desired  level  of  effectiveness  against  the 
complete  target  set. 


454  kg  GP  SSB  (8m  CEP)  SSB  (3m  CEP) 


Figure  4.  Expected  Kills/Sortie  for  UTA 

From  Figure  4,  we  sec  that  to  achieve  the 
effectiveness  of  two  454  kg  GP  munitions 
would  require  a  minimum  of  four  SSBs  with 


11-1 


an  8 -meter  CEP  accuracy  or  two  SSBs  with  3- 
meter  accuracy 


Figure  5.  Percent  of  Target  Set  Where 
SSB  has  the  Best  EKS 


Figure  5  shows  the  percentage  of  the  34867 
targets  where  the  SSB  expected-kill-per-sortie 
value  is  higher  than  the  loadout  of  two  454  kg 
munitions.  We  see  that  a  loadout  of  four  SSBs 
and  8-meter  accuracy  achieves  a  best  EKS 
value  for  slightly  less  than  50%  of  the  target 
set.  The  two  454kg  munitions  achieve  the  best 
EKS  for  the  remaining  50%  of  the  targets. 
However,  a  loadout  of  four  SSBs  with  3-meter 
accuracy  provides  the  best  effectiveness  for 
almost  80  percent  of  the  targets.  By  the  time  a 
loadout  of  8  SSBs  is  reached,  the  SSB  is  the 
most  effective  weapon  for  75  %  of  all  the 
targets  at  either  the  8  or  3 -meter  accuracy.  We 
can  make  a  couple  of  statements  from  this 
observation:  1)  There  are  some  targets  that  are 
best  attacked  with  454  kg  class  munitions,  thus 
a  UTA  should  be  able  to  carry  at  least  a  454  kg 
class  GP  bomb,  2)  Somewhere  between  4  and 
8  SSBs  with  8-meter  accuracy  there  is  a 
significant  number  of  additional  targets  where 
SSB  obtains  the  best  EKS.  Up  to  now  there 
has  been  no  indication  how  much  better  the 
EKS  value  is  for  the  SSB  than  the  454  kg 
munition.  Figure  6  helps  answer  this  question 
since  the  target  set  is  restricted  to  those  targets 


where  the  SSB  has  been  shown  to  have  the 
best  EKS.  Recall  that  this  restricted  set  still 
represents  over  75%  of  the  total  original  set 
used  in  this  study.  For  this  set  of  targets  we  see 
that  even  a  loadout  of  two  SSBs  is  as  effective 
as  two  454  kg  munitions  and  that  four  SSBs 
and  3 -meter  accuracy  provide  an  average  of 
two  targets  killed  per  sortie.  When  4  SSBs, 
which  represents  1000-lb  (454  kg)  in  total 
weight,  is  compared  to  a  single  454  kg 
munition  of  equal  weight  we  can  see  that  on 
average,  the  four.  SSBs  (8  meter  accuracy) 
have  over  3  times  the  EKS  as  the  454  kg 
weapon.  At  3-meter  accuracy  4  SSBs  have 
almost  9  times  the  EKS  and  has  the  equivalent 
weight  of  a  single  454  kg  munition. 


Figure  6.  Expected  Kills  Per  Sortie 
(Targets  where  SSB  has  the  Best  EKS) 


This  would  allow  the  required  number  of 
sorties  to  be  reduced  by  300%  for  an  8-meter 
SSB  and  by  almost  an  order  of  magnitude  for  a 
3-meter  accuracy  munition.  In  addition  to 
increasing  the  conflict  tempo,  by  attacking 
multiple  targets  per  sortie,  a  reduction  in  the 
total  number  of  sorties  required  would  also 
reduce  attrition,  sortie  cost,  and  possibly 
conflict  duration.  If  these  advantages  could  be 
realized  the  additional  cost  of  a  terminal  seeker 
to  provide  a  3-meter  accuracy  might  certainly 
be  justified. 
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Reviewing  figures  4  to  6  with  an  UTA 
perspective,  a  conclusion  can  be  drawn 
pertinent  for  the  UTA  developers.  The 
conclusion  is  that  significant  mission 
flexibility  occurs  with  a  minimum  payload  of 
1000  pounds  (454  kg).  This  would  allow 
carriage  and  deployment  of  one  1000-lb  (454 
kg)  munitions,  two  500-lb  (227  kg)  munitions, 
or  4  SSB’s.  This  mix  of  munitions  covers  all 
but  the  very  hardest  fixed  ground  targets. 
Maximum  mission  flexibility  would  occur 
with  a  2000  pound  (908  kg)  payload  capability 
allowing  the  loadouts  described  above  to 
double  and  provides  additional  lethal 
effectiveness. 

6.0  CONCLUSIONS 

The  conclusion  of  this  study  is  that  a  small 
munition  concept  like  the  SSB,  currently  being 
demonstrated  at  WUMN  provides  excellent 
effectiveness  for  all  aircraft  platforms 
including  an  UTA  concept.  The  previous  trend 
for  USAF  munitions  was  to  increase  size, 
weight,  and  explosive  load,  but  the 
corresponding  reduction  in  loadout  using  a 
large,  heavy  munition  can  reduced  the  overall 
effectiveness  of  each  sortie.  The  high  loadouts 
furnished  by  the  SSB  and  LOCAAS  concepts 
have  increased  the  sortie  effectiveness 
substantially.  Even  though  multiple  SSBs  may 
need  to  be  used  against  a  target,  the  SSB 
loadouts  possible  more  than  make  up  for  this 
deficit.  Additionally,  the  increased  numbers  of 
munitions  “on-target”  can  provide  an  increased 
statistical  probability  of  destroying  a  critical 
node  of  the  target  over  a  single  large  munition. 
The  SSB,  in  its  current  configuration,  is  an 
effective  and  viable  UTA  munition.  The  small 
size  and  weight  provides  the  UTA  platform  a 
desirable  combat  capability  for  a  large  number 
of  targets.  The  study  suggests  that  an  UTA 
with  2000-lb  (908  kg)  of  payload  is  optimum 
for  a  combat  capability.  With  2000-lb  (908 
kg)  of  payload  the  UTA  could  carry  two  1000- 
lb  (454  kg),  8  SSBs,  or  16  LOCAAS.  With 


this  flexibility  all  but  the  hardest  targets  are  at 
risk.  The  soft  targets  are  best  defeated  with 
LOCAAS.  Large  area  targets,  are  most 
susceptible  to  large  blast/frag,  general  purpose 
munitions  like  the  1000-lb  (454  kg).  The  UTA 
could  carry  the  1000-lb  (454  kg)  munitions 
side-by-side  or  4  SSBs  on  each  side  of 
centerline.  The  next  best  payload  for  the  UTA 
is  1000-lb  (454  kg)  and  results  in  a  single 
1000-lb  (454  kg),  4  SSBs  or  8  LOCAAS. 

While  this  is  less  effective  than  2000-lbs  (908 
kg)  of  payload,  it  does  allow  a  smaller  UTA 
design  and  reduce  the  propulsion  requirements. 
This  payload  allows  a  centerline  weapons  bay 
instead  of  the  side-by-side  bay  mentioned 
earlier.  From  figures  4  to  6  it  is  seen  that  a 
drop  in  UTA  payload  to  500-lbs  (227  kg)  only 
allows  two  SSBs  to  be  carried  with  the  drastic 
reduction  in  effectiveness.  With  only  a  500-lb 
(227  kg)  loadout,  more  sorties  would  need  to 
be  conducted  putting  the  UTA  at  risk  and 
increasing  cost  and  conflict  duration.  In  short, 
the  UTA  should  maintain  a  1000-lh  (454  kg) 
minimum  payload  if  it  is  to  he  significantly 
effective  against  the  target  set  of  interest. 

Not  addressed  in  this  study  are  the  aircraft 
integration  and  weapon  interface  issues 
pertinent  to  high  loadout  munitions  like  the 
SSB.  For  current  manned  aircraft  the  Mil-Std- 
1760  capability  is  required  since  data  must  be 
passed  to  each  munition.  In  addition  to  having 
1760  capability,  the  aircraft  Operational  Flight 
Profile  (OFP)  software  would  need  to  be 
developed  to  correctly  initialize,  arm, 
sequence,  etc.  the  multiple  munitions.  For 
UTA  utilization,  similar  integration  issues  are 
found.  While  the  concept  of  operations  for  the 
SSB  would  likely  provide  for  loading  the  GPS 
target  coordinates  via  mission  planning  cockpit 
data  cartridge  and  1 760  interface  prior  to 
flight,  future  real-time  targeting  would  require 
the  capability  to  pass  this  information  from 
platform  to  SSB  during  flight.  The  OFP 
software  for  an  UTA  may  be  even  more 


complex  than  for  a  manned  aircraft  since  a 
large  amount  of  data  that  is  currently  handled 
by  a  pilot,  may  need  to  be  passed  from 
onboard  sensors  to  a  manned  ground-station 
support  facility.  For  an  UTA  combat  mission 
where  a  target  needs  to  be  identified  and 
classified  prior  to  authorizing  weapon  release, 
the  data  may  be  even  more  critical  especially  if 
the  UTA  is  used  in  a  close-air- support  role. 
Finally,  early  UTA  design  criteria  should 
include  the  requirement  for  a  munition 
dispenser  to  maintain  the  ability  to  package 
and  release  multiple  munitions.  Dispenser 
technology  is  critical  to  achieve  high  loadouts 
in  a  small  volume  like  an  UTA.  The  dispenser 
technology  must  provide  the  capability  to 
release  unitary  munitions  or  multiple 
munitions  on  a  target  to  provide  the  most 
effective  sortie.  Most  current  dispensers  that 
have  been  demonstrated  are  dropped  as  a  unit 
and  the  dispensing  of  submunitions  occur  later. 
Since  the  SSBs  and  LOCAAS  need  to  be 
dropped  as  unitary  or  multiples  to  achieve  the 
best  effectiveness,  the  dispenser  would  most 
likely  be  a  captive  dispenser.  It  would  seem 
prudent  to  develop  dispenser  technology  that 
would  be  adaptable  to  both  manned  aircraft 
and  UTA  concepts,  but  this  dispenser  concept 
would  obviously  impact  the  UTA  design  and 
should  be  integrated  early  in  the  design  phase. 
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